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ABSTRACT
Tailoring the Spectral Transmission of Optofluidic Waveguides
Brian S. Phillips
Department of Electrical & Computer Engineering
Doctor of Philosophy
Optofluidics is a relatively new and exciting field that includes the integration of optical
waveguides into microfluidic platforms. The purpose of this field of study is to miniaturize
previously developed optical systems used for biological and chemical analysis with the end goal
of placing bench-top optics into microscopic packages. Mundane optical alignment and sample
manipulation procedures would then be intrinsic to the platform and allow measurements to be
completed quickly and with reduced human interaction.
Biosensors based on AntiResonant Reflecting Optical Waveguides (ARROWs) consist of
hollow-core waveguides used for fluid sample manipulation and analysis, as well as solid-core
waveguides used in interfacing external components located at the chip edges. Hollow-core
ARROWs are particularly useful for their ability to provide specifically tailored analyte volumes
that are easily configurable depending upon the target experiment.
Adaptations of standard planar microfabrication methods allow for complex integrated
ARROW designs. Integrated spectral filtering with high rejection can be implemented on-chip,
removing the need for additional off-chip components and increasing device sensitivity.
Additional techniques to increase device sensitivity and utility, such as hybrid ARROW
platforms and optical manipulation of samples, are also explored.

Keywords: Brian S. Phillips, integrated optics, Fabry-Perot, etalon, ARROW, microfluidics,
nanopores, biosensors, fluorescence, hollow waveguides, optical filter, notch filter, wavelength
interference, tunable filter
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1

INTRODUCTION

Since the first integrated electronic circuit was developed in 1958, enormous research
efforts have been spent developing the tools and processes which comprise a field of technology
known as “microfabrication”. With the goals of reducing generated heat in integrated circuits,
parallelizing processor operations, decreasing chip real estate, and increasing transistor switching
speeds, integrated electronics are continually pushing fabrication technologies to the brink in
order to produce the smallest possible devices and features. Currently at the nanometer scale,
researchers have consistently broken through theoretical limits of manufacturability to create
mobile, robust and powerful devices.
In the early 1990s, microfabrication branched beyond integrated electronics to create new
micro-electromechanical structures (MEMS).

The new field encompassed research of

microscopic structures which combined microelectronics and mechanical motion for sensing and
actuation in the form of pressure sensors, accelerometers and motors [1-3]. This field quickly
integrated optical methods into their devices and spawned optical MEMS, or microoptoelectromechanical systems (MOEMS). These optical MEMS encompassed technologies
such as digital light processing (DLP) chips, a chip with microscale mirrors used to generate a
projected image or video, and interferometric modulator displays (IMODs), a form of e-ink
display capable of producing color images.
Microfluidics became yet another branch based on the immense amount of research
performed under the microfabrication umbrella.
1

The microfluidics field involves fluidic

manipulation and transport on the scale of 1 – 1000 m [4, 5].

Devices developed in

microfluidics research have led to advancements in DNA sequencing, flow cytometry and
biochemistry monitoring [6-8].

1.1

Optofluidics
Detection abilities used in microfluidic devices have been adapted from previously

developed macroscopic electronic (impedance detection) or optical methods (fluorescence, etc.)
[9].

Optofluidics is the term coined to describe a novel field of research combining the

miniaturization of microfluidics with the sensitivity of detection using optical methods [10, 11].
Fluorescence detection, Raman spectroscopy and surface enhanced Raman spectroscopy (SERS),
and optical trapping [12-14] are a few optical methods which have been successfully adapted, to
some extent, from expensive bench-top discrete optical setups into miniaturized, optofluidic labon-a-chip (LOC) technologies [15-17]. Figure 1-1 diagrams the setup of a typical fluorescence
detection experiment using discrete optical components and an analyte on a common microscope
slide [18].
As the setup in Figure 1-1 has moved onto a microchip device, there is a natural desire to
increase the sensitivity of the miniaturized experiment by increasing the interaction of a femtovolume sample with the excitation power as well as improving low noise collection efficiencies
of the fluorescent signal. Foregoing the use of diffraction limited optics and loading the analyte
sample into a liquid-core waveguide (LCW) would increase the sample-excitation interaction as
well as aid in collecting fluorescence signal. On-chip waveguides are economically fabricated
using common microfabrication technologies. However, considerations must be made for the
relatively low refractive index of the biological sample, as well as the visible range of
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wavelengths used in biosensing [19, 20]. The wavelength ranges which make up the visible and
UV regimes are readily absorbed by common materials found in semiconductor processing.

Figure 1-1: Components involved in typical fluorescence sensing experimentation

The first demonstration of the integrated antiresonant reflecting optical waveguide
(ARROW) was reported by a group at Bell Laboratories in 1986 [21]. The fabricated device was
proposed as an integrated optical polarizer, due to a high rejection of the TM mode, but it has
since spawned an entire realm of potential applications. Solid-core waveguides based on this
discovery allow for low-loss propagation in integrated optical devices fabricated using methods
that are completely compatible with already mature integrated microelectronics processing. The
phenomenon has since been tailored to a broad range of wavelengths [22]. Previous work by the
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BYU ARROWs group has focused on creating an optofluidic platform capable of being a viable
biosensing device [23, 24] using a combination of solid-core and liquid-core ARROWs. This
dissertation explores the recent progress of keys to a successful biosensor implementation:
sample manipulation and optical sensitivity.
In

biosensing

experimentation,

sample

manipulation

is

often

accomplished

macroscopically through calibrated syringes, test tubes, and glass microscope slides. As sensors
and sensing experiments hope to move onto microchips, these manipulation methods must
decrease in size while maintaining consistent accuracy, control, and speed. Microfluidics is a
field which is well-suited for this purpose as previous research has concluded with the
development of integrated valves, pumps, and reservoirs for fluidic control and storage for
manipulation of 10-6 – 10-9 L sample sizes. The dimensions of microfluidic devices make them
particularly attractive for single biomolecule detection studies.

To this end, an increasing

amount of interest surrounds nanopores and their integration into microfluidic platforms [25].
Nanopores consist of nanometer diameter openings in otherwise impermeable membranes for
sample control. When biomolecules pass through nanopores of corresponding dimensions, they
exhibit a reduction in electrical current through the nanopore. This easily detectable current
blockade makes the nanopore an attractive feature for nanomanipulation methods.
Optical sensitivity is also a key ingredient for an optofluidic device aimed at biodetection
experimentation. This metric is usually measured as a signal-to-noise ratio. The fluorescence or
Raman signal to be analyzed is quantified and compared to the amount of excess scattered
excitation power or background photoluminescence.

Improving this ratio improves the

dependability of ARROW-based results. The fluorescence or Raman analyte signal is increased
by lowering the loss of on-chip waveguides and increasing signal collection efficiencies.
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Decreasing photoluminescence and removing other excess noise factors create a more sensitive
device as well. A notch filter is particularly useful in removing the large excitation powers
present at a single wavelength in fluorescence or Raman spectroscopy.
The research presented in this dissertation focuses on the employment of integrated
hollow-core ARROWs as biosensing, optofluidic devices with increased sensitivity over prior
ARROW based biosensors developed by previous researchers.

The experimentation is

conducted with close collaboration between researchers in the Brigham Young University
(BYU) Integrated Microfabrication Laboratory (IML) and researchers in the University of
California at Santa Cruz (UCSC) Applied Optics Group (AOG).

1.2

Organization
This dissertation details various fabrication advancements achieved in hollow-core

ARROWs and how these advancements improve the sensitivity of optical sensing and
manipulation experiments. Chapter 2 provides background information for an understanding of
the ARROW operation and design procedures.

Chapter 3 provides an overview of basic

fabrication methods developed earlier in the research project, and how these practices can be
used to create a functional integrated biosensor. In Chapter 4, I describe a novel, four-reservoir
device I fabricated, and how it was used in optical sorting methods of microscopic particles [26].
In the same chapter I present the fabrication processing for an electrically gated micropore
towards added experimental controls in ARROW-based experimentation. Chapter 5 describes
advancements in ARROW sensitivity I made by fabricating a novel device which combines two
previously explored methods of increasing optical throughput into a single device [27, 28].
Chapter 6 presents the tools and process adaptations required to integrate various optical filters
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directly into the ARROW platform. Section 6.2 presents a method for integrating filters into the
solid-core waveguides [29-31], while Section 6.3 describes optical filtering within the liquidcore waveguides [32]. This chapter also provides discussion as to why this integration is a
necessary step in the advancement of the ARROW as a viable biosensor. Finally, Chapter 7
reviews my individual contributions to the ARROW project and describes how those
contributions can lead to broader, future work regarding this intriguing device.
Several appendices are placed at the end of the dissertation to provide specific material
for future BYU ARROW researchers in the IML. APPENDIX A includes a list of my ARROW
group publications as well as conference presentations covering research included in this
dissertation. Many of the IML specific fabrication processes mentioned in this dissertation are
included for reference in APPENDIX B. APPENDIX C presents MATLAB code designed to
calculate the optical loss of the fundamental mode of an arbitrary ARROW waveguide.

1.3

Unique Contributions
The research presented in this dissertation is part of a large collaboration spanning

consecutive and concurrent PhD researchers at two universities. I started working on the project
as an undergraduate during my senior year in 2006. At that time, the BYU IML research group
was heavily involved in refining a relatively crude fabrication process that had been invented by
Dr. John Barber.

Fabrication yields were low, usually <10% of devices were deemed

structurally suitable to be shipped to the UCSC AOG for testing and evaluation. Of those
shipped devices, the optical quality of BYU IML-produced ARROWs fluctuated greatly between
each batch of devices. Those low quality devices could not provide enough fluorescence signal
to achieve notable sensing results.
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Since that time, a combination of researchers, including myself, have refined the
fabrication processing to consistently achieve high sensitivity ARROW devices as well as high
fabrication yields (>90%). My unique contributions to the project included in this dissertation
are:
1. Invented a method for integrating a notch filter into a specific location on the
solid-core waveguides of an ARROW chip [33].
2. Designed and integrated the first fluidically tunable notch filter into the ARROW
liquid-core waveguides [32].
3. Explored various wavelength interference effects and possibilities suitable for
fabrication and inclusion in the ARROW device [34].
4. Invented a method for creating a hybrid ARROW device by selectively removing
the liquid-core waveguide claddings from solid- and liquid-core coupling
locations, thereby improving device transmission [27, 28].
5. Fabricated the first ARROW chip with multiple interconnected liquid-core
waveguides [26]. This device was used in particle sorting and manipulation
experiments and promises to dramatically increase the utility of the ARROW
platform.
6. Developed the first BYU characterization system for nondestructive scattered
light imaging ARROW analysis [35].
7. Refined key fabrication steps in the ARROW:
a. Removed unnecessary processing steps for cleaner, smoother film quality.
b. Identified a reaction between optimized piranha etchant and silicon nitride
ARROW claddings and implemented a fabrication-based solution.
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c. Improved the capillary action of the liquid-core ARROWs by coating the
core in silicon dioxide.
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2

INTEGRATED HOLLOW-CORE WAVEGUIDES

Common goals of various optical sensing and analytical experiments are to achieve great
sensitivity using ever decreasing amounts of original sample with shorter turnaround timeframes.
The ARROW project at BYU has focused on obtaining a solution that provides for optimal
hollow core dimensions, is compatible with planar microfabrication processes, is economical,
and is highly sensitive to small analyte samples. To these ends we have pursued with success a
tailorable integrated platform based on hollow-core optical waveguides.

2.1

TIR-Based Waveguides
Common optical waveguides propagate optical signals with extremely low loss by

confining the light to the waveguide core using a phenomenon known as total internal reflection
(TIR). Total internal reflection is caused by Snell’s law for refraction at an incident-transmitted
interface, which is given by

n i sin  i  n t sin  t

(2.1)

where i is the incident angle, t is the transmitted angle, ni is the incident medium index of
refraction, and nt is the transmitted medium index of refraction. If ni is greater than nt and i
becomes large, it can cause the solution of t to be a complex value. This causes all the incident
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optical power to reflect into the incident medium, and a purely imaginary component of the field
passes to the transmitted medium in the form of an evanescent wave.
Figure 2-1 shows a diagram of a one dimensional waveguide propagating a ray through
total internal reflection [36].

The core material has a higher index of refraction than the

surrounding cladding materal. This creates an angle, known as the critical angle (crit), beyond
which any increase in i would cause all power to reflect back into the core of the waveguide.

Figure 2-1: 1-D slab waveguide operating under a total internal reflection (TIR) condition where the ray
angle of the mode is greater than the critical angle of the core cladding interface.

The most common example of TIR-based optical waveguides would be the
telecommunications optical fiber. These glass waveguide structures consist of slightly doped
glass core surrounded by a more lightly doped glass cladding. The core dimensions, as well as
the relative index difference between the core and cladding, determine the number of optical
modes supported within the waveguide. Multimode fibers are easier to use, but cannot propagate
high bitrates over long distances due to dispersion of the propagating signal. Single mode fibers
are commonly used for long distance propagation, due to the lack of intra modal dispersion.
10

2.2

Interference-Based Waveguides
When integrating waveguides onto semiconductor substrates, a common issue that must

be addressed is how to create a low-loss waveguide when the cladding material (the
semiconductor substrate) has a relatively large index of refraction.

Typically, the answer

includes the understanding that these waveguides cannot satisfy the TIR condition and therefore
cannot support bound modes. Optical transmission through these waveguides then relies on
leaky mode propagation and minimization of refraction loss at the core-cladding interface.
Waveguides with low index cores are desirable for various applications which include
fluorescence based spectroscopy, atomic vapor spectroscopy, and optoelectronic platforms.
If we consider the case of a hypothetical optoelectronic device operating in the visible
wavelength range, we usually deal with a low-index core in a dielectric layer such as glass
(n≈1.5) which has been deposited or grown on a semiconductor substrate (n≈3.5). In this case,
the core of the waveguide in the glass layer has optical confinement based on TIR at the glass-air
interface, but at the glass-semiconductor interface, a leaky mode is developed. If care is not
taken to minimize the optical power scattered and refracted at this interface, the waveguide loss
can be quite large. One way to create a low-loss leaky waveguide in the glass is to coat the
semiconductor substrate with a highly reflective layer prior to deposition of the glass layer. For
integration in standard optoelectronic device processing, the highly reflective layer is usually
chosen to be a simple optical resonator.

2.2.1

Photonic Crystal Waveguides
One mechanism for low-loss leaky mode propagation is known as the photonic crystal

waveguide. This structure consists of a periodic variation in cladding materials/structure to
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provide partial wave reflections at each period of the structure. Constructive interference then
creates a “photonic bandgap” in the cladding materials. The bandgap terminology is in reference
to forbidden energy bands created by periodic semiconductor lattices. A photonic bandgap is
found where certain wavelength bands are forbidden to propagate, and are therefore reflected
upon reaching these regions.
One type of a photonic crystal cladding design is found in the Bragg waveguide. A
Bragg waveguide is created by many periodic cladding layers whose thickness satisfy the Bragg
conditions given by

dh 

2 m  1  0
4nh



n l2
 1  2 cos 2  c 
nh



1 / 2

(2.2)

for the high index cladding layers and

dl 

2 m  1  0
4 nl

1
sin  c

(2.3)

for the low index cladding layers. In the previous equations, m is any integer, nx is the high or
low material index of refraction, 0 is the wavelength of light, and c is the angle of propagation
of the light at the core-cladding interface [37]. With a sufficiently high index contrast from the
high to low materials, reflection at all angles and polarizations is possible for a band of
wavelengths. However, these “omniguide” waveguides are difficult to integrate into standard
microfabrication processing due to their use of exotic materials such as arsenic triselinide and
polyether sulfone to produce the extremely high index contrast necessary for omnidirectional
reflectivity [38].
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Other photonic crystals have been created using a structural periodicity in two
dimensions such as integrated photonic crystals as well as holey fibers [39, 40]. Examples of
cross-sections of photonic crystal fibers (PCFs) are shown in Figure 2-2. The structure shown in
Figure 2-2c is a holey fiber pre-form which will be heated and pulled into an optical fiber [41].
The holes will keep their circular shapes and relative positions, but will change diameter
proportionally during the pull, maintaining the periodicity to produce a photonic bandgap [42].

Figure 2-2: Examples of holey or photonic crystal fibers using a structural periodicity to achieve a photonic
bandgap. a) Navy Research Labs-produced PCF with a 5 m solid-core diameter, b) zoomed view of a)
showing 4 m diameter holes, c) holey fiber glass pre-form with a precise radial pattern of holes.

While Bragg structures and PCFs can achieve excellent results in the fields involving
optofluidics [43-45], certain features of their fabrication remain incompatible with economical
microfabrication processing.

The nonplanar nature of PCFs makes their planar fabrication

incompatibilities apparent, while Bragg waveguides require large amounts of periodicity created
by extremely accurate film variations. Therefore, the technology employed by our group at BYU
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has focused on development of the ARROW waveguide as a solution that is completely
compatible with planar fabrication techniques as well as exhibiting robust layer tolerances.

2.2.2

Antiresonant Fabry-Perot Etalon
A Fabry-Perot (FP) interferometer, also referred to as an etalon or FP cavity, is another

example of a simple optical resonator [46].

It consists of two parallel reflective surfaces

separated by some distance. FP cavities are often mentioned when discussing laser cavities and
supported lateral modes [47]. While an interferometer technically requires highly reflective
surfaces, an etalon has less stringent standards. Any separation of semi-reflective surfaces will
suffice to create the resonant effect.

Figure 2-3: Transmission of a Fabry-Perot etalon as a function of the phase shift experienced between the
reflective surfaces.
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Figure 2-3 diagrams the transmission across a FP cavity as a function of the phase shift
between the reflective surfaces for various surface reflectivities of 0.5, 0.7, and 0.9 [46]. When
the separation between reflective surfaces causes a round-trip phase shift of an integer multiple
of within the FP cavity, it produces a constructive interference effect between the surfaces.
This constructive interference can then cause resonant transmission across the cavity, regardless
of the individual surface reflectivity. A cavity that produces this transmission is therefore known
as a resonant FP etalon. The phenomenon is similar to the interference effect found in solid-state
quantum mechanical tunneling across two potential barriers.
An etalon with spacing that produces an “integer plus ½” multiple of  phase shift is
known as an antiresonant etalon. In an antiresonant etalon, a destructive interference occurs
within the cavity, and the etalon transmission approaches zero. Conservation of energy then
dictates that light incident on an antiresonant etalon be reflected, and the etalon appears as a
highly reflective surface. For an antiresonant etalon with 50% individual surface reflectivities,
the overall transmission shown in Figure 2-3 would be on the order of 10%, and therefore, the
etalon would appear as if it were a single surface of 90% reflectivity.
Borrowing from mature microfabrication techniques, we have created optical resonator
waveguide claddings based on this antiresonant FP condition using dielectric layers at specific
thicknesses placed on a high-index substrate. Alone, these dielectric layers provide reflectivities
at each interface given by the Fresnel equations for reflection [48] on the order of ~19% and
~2% for TE and TM polarizations, respectively. However, when these dielectrics are used as
antiresonant etalons, the overall reflectivity for both polarizations can approach >90% for
shallow propagation angles. Integrated waveguides based on these antiresonant FP cladding
layers are commonly referred to as “AntiResonant Reflecting Optical Waveguides” (ARROWs).
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2.3

Integrated ARROW Design

Figure 2-4: Geometrical optics description of leaky mode propagation in the core of an ARROW waveguide
bounded on lower surface by higher-index cladding layers.

Figure 2-4 diagrams a low-index core material clad with alternating layers of high index
and low index material. The optical mode is a standing wave with a node at the interface
between the core material and the first antiresonant layer. These standing waves can then be
considered as leaky modes that will propagate along the structure. The fundamental mode of the
waveguide contains leaky rays that propagate at such an angle that the wave fronts in the ray
reflected from the lower antiresonant layer(s) return to the core and constructively interfere with
the wave fronts from rays already in the core or reflected from the upper antiresonant layer(s).
This standing wave condition dictates that the complementary propagation angle of the
fundamental leaky mode is given by

 c  sin

1

( / 2 nc d c )

(2.4)
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where nc is the core index of refraction,  is the wavelength of interest, and dc is the core width
or height. The remaining ith and jth angles are determined by Snell’s law, which takes into
account the complementary propagation angle and the index of refraction of the core and the ith
or jth layer.
The thickness of each cladding layer determines whether or not the ith cladding layer is
in resonance or antiresonance. To achieve the appropriate phase shift required within the layer to
give us a highly reflective etalon, the thickness of the ith (and jth) layer must satisfy the
following equation [21, 36]

 nc2
2 
ti 
( 2 N  1) 1  2  2 2 
4 ni
 ni 4 ni d c 



1 / 2

N  0, 1, 2, ...

(2.5)

which, for instances where the core thickness is much larger than the wavelength of interest,
simplifies to

 n2
ti 
( 2 N  1)1  c2
4n i
 ni








1 / 2

N  0, 1, 2, ... .

(2.6)

One significant characteristic of the ARROW waveguide is that the cladding layers are
not distributed reflectors and therefore do not need to be periodic. If each layer is designed to a
thickness determined by the antiresonant equation, the layer creates a small FP etalon in the
antiresonance regime and can be highly reflective. Additionally, if we recall Figure 2-3, we can
see that the antiresonant regime of the FP etalon can withstand relatively large variations in
thickness of the layer and still maintain a high amount of reflectivity, whereas the resonant
regime of the FP etalon requires more precise mirror spacing. This robustness allows for an
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intrinsically large tolerance in fabrication. Truly, the ARROW phenomenon is well suited for
cost effective production of hollow-core integrated waveguides.

2.3.1

2x2 Matrix Formulation
The leaky mode loss of an ARROW waveguide depends on the overall reflectivity of the

waveguide cladding. If we examine the case of an interference waveguide on a planar substrate,
the cladding of the waveguide is created using alternating layers of dielectric materials. These
materials have been deposited at thicknesses which create optical resonators in the antiresonant
regime (equation 2.6). Using a ray model and a method commonly referred to as the “transfer
matrix method” or “2x2 matrix formulation” we can solve for the electromagnetic field
amplitudes in isotropic layered media, such as the dielectric cladding layers for our waveguide.
These field amplitudes are then used to calculate reflection and transmission through our
ARROW cladding layers, which then allow us to estimate the loss of the leaky mode.
If we use the convention shown in the Figure 2-5 and apply boundary conditions on Ey
and Hz, we can write the following equalities for the incident TE-polarized wave on the
boundary.

E1s  E1' s  E2 s  E2' s
n1 ( E1s  E1' s ) cos 1  n2 ( E2 s  E2' s ) cos  2

.

(2.7)

A similar approach can be followed to write the corresponding equalities for the TM-polarized
wave. The set of equations in 2.7 can be combined into a matrix equation form, given by

E 
E 
Ds (1) 1' s   Ds (2) 2' s 
 E2s 
 E1s 

(2.8)
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where

 1
Ds (i )  
 ni cos  i

1


 ni cos  i 

(2.9)

for the TE wave, also referred to as s-polarized, and

 cos  i
D p (i)  
 ni

cos  i 

 ni 

(2.10)

for the TM wave, also referred to as p-polarized. The matrices Dx(i) are called dynamical
matrices, and they are used to describe the behavior of the electric field at each layer boundary of
the cladding.

Figure 2-5: Vector convention of the reflection and refraction of a TE-polarized wave at a boundary between
two media of differing index of refraction.
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The reflection coefficient of the incident ray from Figure 2-5 is simply the ratio of the
reflected field amplitude ( E1' ) to the incident field amplitude ( E1 ) while the transmission
coefficient is the ratio of transmitted field amplitude ( E 2 ) to incident field amplitude, as shown
in equation 2.11. The condition that E 2'  0 reminds us that the wave is incident from medium
1.

 E1' 
E
r    , t   2
 E1  E2' 0
 E1



.
 E2' 0

(2.11)

Solving equation 2.8 for the amplitudes in medium 1, we obtain

 E1 
E 
 '   Dx1 (1) Dx (2) 2' 
 E1 
 E2 

(2.12)

where x is the appropriate version of equation 2.9 or 2.10 for s or p polarization, respectively.
Equation 2.12 can then be used to calculate reflection and transmission coefficients at a
boundary.
The dynamical matrices describe the behavior of the field amplitudes at a boundary. In
order to account for the phase change of the field as it travels from one layer boundary to the
next, a propagation matrix for a layer of thickness dl can be defined by

 e il
Pl  
 0

0 
, l  k 0 nl d l cos  l
il 
e 

(2.13)

where k0 is the vacuum wavenumber of the propagating light, nl the index of refraction of layer l,
and l is the ray propagation angle within layer l. A solution for reflection and transmission
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across an arbitrarily large and complex stack of layers, such as one diagrammed in Figure 2-6,
can be calculated using the dynamical matrices in tandem with the propagation matrix.

Figure 2-6: An arbitrarily large stack of layers used in the 2x2 matrix analysis. Right traveling fields are
represented by amplitudes of ‘A’, while left traveling fields are represented by amplitudes of ‘B’. The
coordinate of each interface in the stack is given by xN.

Assuming a dielectric stack of N layers, we denote right traveling field amplitudes by Al
and left traveling field amplitudes by Bl, where l is the layer number. l is the propagation angle
relative to the x-axis in the lth layer. This angle can be found by drawing on the assumption
given in equation 2.4 and then using Snell’s law with n0 and nl. Using the boundary dynamical
matrices given by equation 2.9 or equation 2.10 and the propagation matrix given by equation
2.13, we can write a 2x2 overall system interference matrix which relates the fields in the core
(region 0) to the fields beyond all of the cladding layers (region S). This field relation can be
written as
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 A0   M 11
   
 B0   M 21

M 12  As 
 
M 22  Bs 

(2.14)

where

 M 11

 M 21

M 12 

 N
  D01  Dl Pl Dl1  Ds .
M 22 
 l 1


(2.15)

The 2x2 M matrix is referred to as the “system interference matrix”. Applying the definitions
given in equation 2.11, the reflection coefficient in terms of the system interference matrix is

M 
r   21 
 M 11 

(2.16)

and reflectance for an arbitrarily large, multi-layer stack is then given by
2

M
R  r  21 .
M 11
2

2.3.2

(2.17)

Simulation Loss Calculations
At this point, we have designed our ARROW layer thicknesses to provide an antiresonant

condition and be highly reflective for the propagating mode. We have also used the system
interference matrix to calculate a reflectivity of the ARROW cladding layers at a given
wavelength and propagation angle. We can now use the reflectivity of the cladding layers and a
ray model to formulate an approximation for the loss coefficient.
Figure 2-7 diagrams a leaky ray propagating in a one dimensional slab waveguide bound
at each interface by reflective surfaces. The attenuation coefficient of this ray is the amount of
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power lost at each ray reflection divided by the distance traveled between successive turning
points, L. The attenuation coefficient of this one dimensional ray is given by



T 1 R

tan  c
L
dc

(2.18)

where dc is the thickness of the core, θc is the complementary propagation angle, R is the
reflectivity of the cladding layers, and  is the one dimensional loss coefficient.

Figure 2-7: Ray half-period L for a ray in the core of a symmetrical 1-D slab waveguide.

In order to calculate the loss coefficient of a 2-D rectangular core ARROW, such as the
profile diagrammed in Figure 2-8, we will make some further assumptions. Because the TM
polarization is more highly transmissive at the surface of the silicon substrate, we will assume
the mode is coupled into the hollow-core ARROW with the TM polarization propagating in the
horizontal plane. The TE polarization will then be bound by the upper cladding layers and the
lower cladding layers terminated by the silicon substrate. Under this assumption, the overall
attenuation coefficient of the mode produced by the two rays can be solved using an
approximation explored in [49] and given by
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 total 

1
 TE   TM  .
2

(2.19)

Namely, the attenuation coefficient of the hybrid mode is the average of the TE attenuation
coefficient in the vertical direction and the TM attenuation coefficient in the horizontal direction.
This result would be the lowest achievable loss of a fundamental mode propagating in a
rectangular ARROW waveguide.

Figure 2-8: Two dimensional rectangular core ARROW cross section

Due to the symmetry of planar fabrication methods used to produce the ARROW
(Chapter 3), the reflectivities of the vertical, sidewall cladding layers are equivalent. However,
the top cladding layers are terminated in an air medium, while the bottom cladding layers are
terminated by a high index semiconductor substrate. In this instance, the 1-D loss coefficient
takes on a slightly different form than that presented in equation 2.18. If we remember Figure
2-7 and substitute unequal reflectivities of R1 and R2 into our assumptions, we can write the loss
coefficient for a 1-D leaky waveguide bound by unequal reflectivities as
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T1  T2 1  R1  1  R2
2  R1  R2

tan  
tan  .
2L
2d c
2d c

(2.20)

Equation 2.20 can be verified as correct by substituting equal mirror reflectivities (R= R1= R2)
and simplifying to produce equation 2.18.

2.3.3

Simulation Examples and Discussion
In order to illustrate the calculations and theory presented in this chapter, we can analyze

a basic layer structure used in our ARROW fabrication since 2006. This layer structure is
referred to as the “VB3” (Visible Broadband version 3) ARROW. Cross-section layer profiles of
the liquid-core and solid-core waveguides are diagrammed in Figure 2-10. The liquid-core is
clad on all four sides by thin films. In the lateral direction, the cladding terminates in a thick
SiO2 layer which is also used for the core of the solid-core waveguides.

The solid-core

waveguides are clad on the bottom by the thin films that also comprise the upper and lower
cladding layers of the liquid-core waveguide. Both waveguide profiles are terminated on top by
air and terminated on bottom by semiconductor substrate.

Figure 2-9: Layer structures used in simulation of VB3 ARROW
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The VB3 design calls for a 5 m x 12 m rectangular liquid-core (nc=1.33). It is
designed to give broadband light confinement in the liquid-core waveguides over a wavelength
range of 400 nm – 1100 nm, just beyond the visible range in both blue and red wavelengths. The
cladding materials are PECVD SiN (nhi=2.050) and PECVD SiO2 (nlo=1.465) and the substrate is
silicon (nsub=3.850). The solid-core ridge waveguides have a core index of SiO2 and range in
height from 3 m – 4 m and width from 4 m – 12 m. The simulation example presented here
will assume 3 m x 12 m solid-core waveguides. The layer thicknesses of the VB3 structure
are shown in Table 2-1 where oxide and nitride are referred to as O and N, respectively. The
layer numbers begin counting from the substrate, or first cladding layer deposited. Due to the
planar nature of the fabrication methods discussed in Chapter 3, the ARROW layer thicknesses
can only be antiresonant for one type of waveguide core. In actuality, the oxide cladding layers
of an oxide solid-core waveguide would be half the thickness of the core, or approximately 1500
nm thick, in order to satisfy equation 2.5. Therefore, the layer thicknesses chosen in the VB3
design are antiresonant for a liquid-core index of refraction and slightly off antiresonance for a
solid-core index of refraction.

Table 2-1: VB3 Layer Thicknesses

Layer

O1

N1

O2

N2

O3

N3

Core

N4

O4

N5

O5

N6

O6

Thickness
(nm)

270

93

270

93

270

93

5000

127

285

142

300

123

3016

The loss coefficients of the VB3 solid- and liquid-core waveguides are calculated using
the MATLAB code found in APPENDIX C which implements the 2x2 matrix formulation. The
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results over the spectrum of interest are shown in Figure 2-10. A couple notable conclusions can
readily be seen from the graph. First, even though the layer thicknesses are only antiresonant to
the liquid-core waveguide, the solid-core waveguides have a loss coefficient ranging from 1 – 5
orders of magnitude lower than that of the liquid-core.

Second, a strong rejection near

wavelength 560 nm appears in the solid-core waveguides due to the fact that there are two
antiresonant nitride layers together. This is an effect that will be greatly explored and utilized in
Chapter 6.

Figure 2-10: Solid- and liquid-core waveguide loss coefficients for the VB3 layer structure

The simulations presented in Figure 2-10 are for the lowest achievable loss assuming
perfect fabrication tolerances. In the BYU IML, it has been found that a reasonable fabrication
tolerance for a layer of nitride or oxide is within ±10% of the target deposition thickness. This
10% tolerance was applied as a random variation in each layer thickness of the waveguide
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cladding and calculations of the resulting loss coefficients for both liquid- and solid-core
waveguides are shown in Figure 2-11. The graphs show that except for a couple singularities,
such as the solid-core resonance at 560 nm, the antiresonant effect of the ARROW design
effectively guards against requiring increased fabrication precision.

Figure 2-11: Simulated loss coefficients of waveguides with VB3 thickness design fabricated with a 10%
thickness tolerance a) liquid-core waveguide, b) solid-core waveguide

The simulation results presented in this section have been useful in guiding BYU and
UCSC researchers toward the optimal ARROW devices, but they have also recently played a
critical role in tailoring the spectral transmission of fabricated ARROW devices. Commercial
simulation software rigorously predicts ARROW performance at a single wavelength; however,
the design and experimentation of ARROW devices intended to manipulate entire continuums of
wavelengths requires a faster method without sacrificing significant accuracy in calculations.
This tool becomes particularly useful when designing as well as analyzing the broadband
transmission of an ARROW, as performed throughout Chapter 6. Researchers are able to
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determine how actual fabricated layer structures differ from initial designs by observing
wavelengths of resonant notches and pass-bands in the measured transmission of an ARROW
device and matching a theoretical simulated curve to the measurement.

2.4

ARROW Design Conclusions
The 2x2 formulation provides an extremely fast method for approximating the loss of an

ARROW waveguide. When examining waveguides which use our dimensions (12 m wide x 5
m tall), the matrix method simulations show excellent agreement with robust numerical
simulations using commercial software packages such as FIMMWAVE (PhotonDesign) [50].
APPENDIX C presents MATLAB code which follows the progression presented in this
chapter, and there are a few key principles of planar ARROWs that bear mentioning. First,
simulations predict that any core index higher than that of air (n=1) will produce a waveguide
mode that totally internally reflects from the air boundary on top of the ARROW cross section,
whereas loss contributions from the oxide termination in the lateral direction are the dominant
factor of the overall loss. At a wavelength of 633 nm, this lateral loss accounts for 99.5% of the
~1 cm-1 overall waveguide loss. This has led the BYU IML group to explore the possibility of
cladding the liquid-core waveguide with an air termination on three of the four sides by placing it
on a pre-etched silicon pedestal [51, 52]. Proposed nonetched structures compatible with planar
microfabrication can achieve a similar effect [53].
Second, the simulation code will accurately predict the loss for a fundamental TE mode
polarized in the vertical direction. Any hybrid or higher order modes will exhibit increased
losses.

Additionally, fabrication complexities such as waveguide and film roughness,
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nonuniform film thicknesses, and inaccurate film thicknesses will cause deviations from these
calculations.
Third, the unique wavelength ranges as well as core and cladding dimensions have
allowed specific approximations in calculating the approximate loss coefficients for BYU
ARROWs. More general treatments of the loss calculation abound and should be taken into
account if the target application of the BYU ARROW changes [54-56].
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3

ARROW FABRICATION

Once the integrated ARROW design has been verified and finalized, researchers in the
BYU IML begin the process of realizing the ARROW devices. The ARROW fabrication flow
employs many mature microfabrication techniques [57].

Examples of common cleanroom

processes used in the creation of an ARROW device are thin film deposition, lithography, wet
and dry chemical etching, etc. This chapter will discuss the relevant details of these processes
and will explain how they affect ARROW yields and optical qualities.

Figure 3-1: Planar microfabrication processing diagram showing iterative nature of sequential additive
and/or subtractive processes applied to individual regions of the substrate.
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In general, microfabrication processes can be grouped into two groups: 1) additive
processes (dielectric film deposition, metal evaporation, polymer coating) and 2) subtractive
processes (acid etching, dry reactive ion etching, polishing). Most of these processes are planar
in nature, meaning the only variable is how thick or deep the process will deposit or etch. Figure
3-1 shows a diagram of some various additive and subtractive processes, and how they can
iterate upon each other to produce increasingly complex structures.

Figure 3-2: Integrated ARROW fabrication flow a) deposition of bottom antiresonant layers on silicon
substrate, b) chrome stop etch pattern, c) placement of sacrificial SU-8 core material, d) deposition of top
antiresonant layers and thick silicon dioxide layer, e) definition of solid-core ridge waveguides in thick silicon
dioxide layer, f) sacrificial SU-8 core exposed at ends of hollow channel, g) possible fluid reservoir placement
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An overview of the hollow-core ARROW fabrication process at the BYU IML is
diagrammed in Figure 3-2. First, alternating thin film dielectrics are placed on a <100> oriented
silicon substrate, as shown in Figure 3-2a. These thin films serve as the cladding layers beneath
the hollow-core waveguide, and the set is commonly referred to as the “bottom ARROW layers”.
Next, a thin chrome layer is deposited uniformly over the entire wafer and patterned to produce a
stop-etch layer for the future core exposure etch. After the stop-etch chrome layer has been
patterned, a layer of polymer photoresist is patterned using photolithography to produce a
sacrificial structure with a rectangular cross-sectional profile. This polymer structures will
eventually be removed and leave a rectangular hollow-core waveguide on the device.
After the sacrificial polymer has been patterned, the structures are coated by more thin
films, as shown in Figure 3-2d. These thin films serve two functions: the first is upper cladding
layers for the hollow-core waveguides and the second is bottom layers for the integrated solidcore waveguides.

Because they serve as the upper cladding layers for the hollow-core

waveguides, this set of layers is commonly referred to as the “top ARROW layers”. The last thin
film grown on the wafer is a thick silicon dioxide (SiO2) film which provides structural support
to the hollow-core waveguide as well as a medium into which ridge waveguides are defined to
produce integrated solid-core ARROWs. Lastly, a dry etch procedure is used to remove the top
layers covering the end regions of the sacrificial core structures, stopping at the underlying
chrome stop etch layer. The chrome stop etch layer is then removed and the wafer is placed into
an acid etching solution which removes the sacrificial core, leaving behind a hollow,
microfluidic channel. Reservoirs are then attached over the opened regions of the hollow-core to
allow fluidic samples to be introduced into the hollow-core waveguide. The common ARROW
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platform diagrammed in Figure 3-2 is referred to amongst our research group as the “s-mask
device” because of its wandering hollow-core shape.

3.1

Thin Film Deposition
One of the primary microfabrication technologies used in ARROW production is plasma-

enhanced chemical vapor deposition (PECVD).

PECVD has been widely used in the

semiconductor industry to deposit dielectric films, for electrical isolation and passivation, as well
as polycrystalline silicon. Other common CVD processes include low-pressure chemical vapor
deposition (LPCVD) and metal-organic chemical vapor deposition (MOCVD). In general, all
CVD processes require a low pressure chamber, chemical reactants in vapor/gaseous form, and
energy for reaction initiation. PECVD is commonly used when the target fabrication step
requires relatively low temperatures (<500°C), in which case a plasma energy state is used to
initiate the desired chemical reaction.
The PECVD processes used in ARROW fabrication at BYU were originally developed
by Dr. John Barber, and further refined by Dr. Evan Lunt. The BYU IML houses two PECVD
machines, shown in Figure 3-3. PECVD1 is dedicated to the deposition of silicon nitride films
(SiN) while PECVD2 is dedicated to the deposition of silicon dioxide films (SiO2). The gases
required for each reaction are silane (SiH4) and nitrous oxide (N2O) for SiO2 films and silane and
ammonia (NH3) for SiN films. The stoichiometric chemical reactions for both these films are
given by
RF  heat

SiH4 + 2N2O



SiO2 + 2N2 + 2H2

(3.1)

for the SiO2 films, referred to as “oxide”, and
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RF  heat

3SiH4 + 4NH3



Si3N4 + 12H2

(3.2)

for the SiN films, referred to as “nitride”.

Figure 3-3: PECVD machines located in the BYU IML

A diagram of a typical PECVD chamber is shown in Figure 3-4. A substrate to be coated
is placed onto a heated susceptor plate which is maintained at approximately 250°C. The
appropriate process gases for the film to be created flow through calibrated mass flow controllers
(MFCs) to maintain the appropriate precursor gas concentrations. The gases mix in a manifold
prior to entering the PECVD chamber through a holey showerhead which serves to evenly
disperse the gas mixture throughout the chamber. A variable pressure controller is placed in the
exhaust line prior to a vacuum pump which can lower the pressure of the system into the 10-2 –
10-3 Torr range. The variable pressure controller is connected to a pressure gauge in a feedback
system and maintains the deposition pressure at 500 – 1100 mTorr, depending on the deposition
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recipe being used. An RF generator delivers 50 – 70 W to the showerhead metal plate, which
ionizes the gas mixture and creates the plasma state between the showerhead and the grounded
chamber. Once ionized, the gases can react according to equation 3.1 or 3.2 and deposit a thin
film dielectric on the substrate at a consistent rate.

Figure 3-4: Diagram of PECVD equipment

3.1.1

Conformality
Because PECVD is a vapor deposition, there is very little directionality of the deposition.

The rates at which films will deposit are determined by a combination of power, chamber
pressure, and gas flows. However, beyond those variables, the deposition rates are only limited
by exposed surface area available for nucleation and precursor gas concentrations available at the
substrate surface. The deposition is also not perfectly isotropic, and film will deposit at different
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rates on vertical surfaces than it does on horizontal surfaces. Due to this difference in rates, a
metric known as the conformality ratio is defined as

C

RH
RV

(3.3)

which is simply a ratio of the horizontal surface deposition rate (RH) to the vertical surface
deposition rate (RV).
The conformality ratio of a PECVD deposition is commonly greater than 1, due to a
slightly reduced vertical surface deposition rate. For the purpose of ARROW fabrication, it is
important to obtain a uniform coating of the hollow-core. Uniform coatings can simply design
procedures as well as provide for more structurally sound hollow-core waveguides. Therefore, it
is desirable to find a PECVD deposition recipe with a conformality ratio close to 1, which would
be considered a perfectly isotropic deposition. Poor conformality ratios (>1.50) lead to seams in
the top dielectric films at concave corners formed by a vertical and horizontal surface (Figure
3-5b) which degrade the structural integrity of the microfluidic channels.

Figure 3-5: SEM images of SiO2 over SU-8 on silicon demonstrating a a) good conformality ratio (1.40) and a
b) bad conformality ratio (1.81)
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3.1.2

Photoluminescence
Another common issue affecting BYU produced PECVD films is the native

photoluminescence (PL) created by defects in the amorphous films. Hollow-core ARROWs are
particularly useful in fluorescence detection of biological samples which commonly examine
visible and near-IR bands of light.

Unfortunately, silicon, SiO2, and SiN all produce

photoluminescence at these wavelength ranges, and the collected radiation is detected as a noisy
signal in a sensing experiment based on a hollow-core ARROW device. This noise negatively
increases the limit of detection (LOD) of a sensing experiment, which means that a higher
concentration of fluorophores is required to achieve proper detection of the analyte.

Figure 3-6: Photoluminescence data for a BYU PECVD silicon nitride film (SiN, blue) and a BYU PECVD
silicon dioxide film (SiO2, red).

Measurements of various BYU produced films have been performed at UCSC where
HeNe laser (=632.8 nm) radiation excites the sample to be analyzed. A spectrometer then
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measures the emitted spectral data and, in the case of a thin film measurement, subtracts
corresponding silicon baseline. An example of the recorded data is shown in Figure 3-6, where
the silicon nitride film is shown to have an extraordinarily large amount of PL intensity. Similar
experiments have been conducted on various BYU PECVD and sputtered films, and it was
recently found that ARROWs created with a combination of sputtered tantalum oxide (Ta2O5,
n=2.15) or reduced-temperature PECVD silicon nitride (SiN, n=2.05) can provide extremely
sensitive fluorescence sensing results due to the reduced PL intensity [58, 59].

3.1.3

Test Wafer Process
The PECVD process developed at BYU has matured a great deal since its inception five

years ago.

The originally developed ARROW PECVD process used a single machine

(PECVD1) for deposition of both films. This led to frequent film contamination issues due to
the preferential incorporation of oxygen into the nitride films as well as low fabrication
throughputs. After each antiresonant layer, the PECVD1 deposition chamber had to undergo a
thorough cleaning to remove all traces of the previous film deposition. Upon completion of the
cleaning process, the chamber had to be re-stabilized by depositing a large amount of the
upcoming thin film material.
Because the BYU PECVD machines do not contain in-situ growth monitoring
apparatuses, a test wafer process had been developed. A bare silicon wafer was placed in the
PECVD chamber and a thin film of nitride or oxide was grown for a specific amount of time.
Ellipsometric measurements then determined the thickness (and corresponding growth rate) and
index of the resulting film, and the measurements were recorded. These measurements were
then assumed to remain constant throughout the subsequent deposition of the actual ARROW
dielectric layer. This test wafer process was performed multiple, sequential times after each
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chamber clean cycle in order to determine if the seasoning process had sufficiently stabilized the
chamber index and growth rate. If the index and growth rate were determined to be stable, the
ARROW layer could then be grown.
With two machines now dedicated to respective films, the chamber stabilization is less of
an issue; however, test wafers are still grown prior to the deposition of each ARROW layer. For
a recent set of 6 ARROW bottom layers (3 oxide, 3 nitride), a set of 6 test wafers was completed
(3 oxide, 3 nitride), 1 prior to each ARROW layer to be grown. The measured ellipsometric
results are given in Table 3-1 and show that the rate variance of these 3 test wafers, separated by
growth of actual ARROW films, is on the order of 3 – 4% of the average growth rate, while the
index change is equally small. Based on these results, the test wafer process has shifted slightly
from its original purpose. It continues to provide the operator with an indication of the machine
chamber stabilization status, but more importantly, it gives the researcher and idea of how
“close” the actual fabricated structure will be to the ARROW design. A large variance across
sequential test wafers can indicate that the fabricated ARROWs will behave in a less than ideal
manner, and the operator should record such a fluctuation in lab notebooks.

Table 3-1: Test Wafer Results for Wafer TF8

Layer

Rate (nm/min)

Index

Nitride 1
Nitride 2
Nitride 3
Oxide 1

13.13
12.89
13.96
39.73

2.060
2.042
2.039
1.464

Oxide 2

39.16

1.465

Oxide 3

37.52

1.466
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Rate Variance
(%)

Index Variance
(%)

4.21

0.55

2.96

0.07

3.2

Photolithography
Photolithography is a common semiconductor fabrication process whereby micro- and

nano-scale features are transferred to a substrate in a parallel manner. A diagram of the overall
process is shown in Figure 3-7. First, a substrate is coated in a thin layer of photosensitive
chemical known as a photoresist. The photoresist is covered by a lithographic mask which
shields various regions from incoming ultra-violet (UV, =365 nm) radiation. The radiation can
affect the exposed photoresist in one of two ways. In the case of a positive photoresist, the
exposed regions become more soluble and dissolve easily in a solvent-based developer chemical
bath. In the case of a negative photoresist, the combination of the UV exposure dosage with a
post exposure heat treatment causes the photoresist to further solidify through a process known
as “crosslinking”. When the negative photoresist film is placed in a solvent-based developer
bath, the unexposed regions will dissolve and leave behind the crosslinked features.

Figure 3-7: Lithography processing of a thin film. Photosensitive polymer placed on a wafer and exposed to
UV radiation will either crosslink and harden (negative photoresist) or become soluble and develop away
(positive photoresist).
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Mature ARROW processing makes use of various positive photoresists such as AZ 3330,
for metal patterning by lift-off and acid etching, and AZ P4620, for a dry etch procedure which
exposes the sacrificial core material. SU-8 is a negative photoresist used in ARROW fabrication
for creating the sacrificial core and is also used as a mask for a dry etch process which defines
solid-core ridge waveguides. A more detailed process flow for each type of photoresist is
diagrammed in Figure 3-8, and actual machine settings appropriate for the BYU IML at the time
of this dissertation are recorded in APPENDIX B.1.

Figure 3-8: Positive and negative photoresist processing flows

A dehydration bake of the substrate is necessary to remove humidity which has been
absorbed from the atmosphere in the cleanroom. The next step is to apply photoresist as a
coating of uniform thickness across the wafer via spin-coating. In spin-coating, a wafer is placed
onto a rotatable stage with vacuum suction. Photoresist is dispensed onto the center of the wafer,
and the stage rotates at a specific speed and acceleration for a specified time. When a photoresist
is spin-coated onto a planar substrate, the combination of photoresist viscosity, spin speeds, and
spin acceleration will determine the uniformity and thickness of the resulting film. However,
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care should be taken with spin-coating photoresist onto nonplanar topographies, such as those
presented by a waveguide already defined on the substrate.
When spinning the photoresist onto a nonplanar topography, a characteristic intrinsic to
the photoresist is its ability to “planarize”.

The various extremes of planarization are

diagrammed in Figure 3-9. A perfectly planarized photoresist is diagrammed in Figure 3-9a,
where the thickness of the photoresist immediately covering the ridge feature is the total
thickness of the photoresist subtracting the height of the feature. Figure 3-9b shows the opposite
extreme, where a nonplanarizing photoresist will coat the ridge feature with the same thickness
as it coats the rest of the substrate. Figure 3-9c diagrams a more common occurrence, where the
photoresist thickness over the feature is slightly less than the photoresist thickness over the entire
wafer.

Figure 3-9: Photoresist planarization

An example of when this planarization process should be considered occurs when a
researcher is depositing an SU-8 sacrificial core on a pre-etched silicon pedestal. The SU-8
photoresists used in the BYU IML are very adept at planarizing. In order to achieve the
appropriate SU-8 sacrificial core height on the top of a pre-etched silicon pedestal, the thickness
of the SU-8, when measured on the majority of the wafer (T), should equal the height of the preetched pedestal (dr) plus the target height of the hollow-core (x).
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3.2.1

SU-8 Specific Processing
A process which has been observed to have a drastic effect on the optical and structural

quality of a hollow-core ARROW is the creation of the SU-8 sacrificial core. The specific
processing flow for SU-8 (a negative photoresist) is shown in Figure 3-10. The spin speeds used
in the spin-coating step of the SU-8 are constantly being tuned by ARROW researchers. If the
spin speeds are not adapted, variations in the mixture and age of the SU-8 being used will alter
the height of the sacrificial core. For this purpose, it is critical to record the spin recipe for each
wafer processed.

Figure 3-10: SU-8 processing flow

The next step that will affect the structural quality of the hollow-core is the SU-8
photolithography exposure step. If the UV exposure dosage is too little, not enough crosslinking will occur, and the SU-8 features will not properly adhere to the substrate. As the SU-8
develops, the sacrificial cores will peel or rinse away. The substrate must then be cleaned in
Nanostrip (Cyantek) or piranha and reprocessed. If the exposure dosage is too much, excessive
crosslinking near the upper surface of the SU-8 will be evident, which is commonly referred to
as “t-topping” (Figure 3-11a). The SU-8 core will swell beyond the critical dimension in the
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lateral direction and also produce an acute contact angle at the wafer surface. As top layers are
deposited over this t-topped core, a break/seam forms at the acute corner and will eventually lead
to catastrophic structural failure of the hollow-core channels. An example of this failure is
shown in the light microscope image shown in Figure 3-11b where the thick top silicon dioxide
has broken near a right-angle bend in the hollow-core. Recently, it was observed that the
exposure dosage should be reduced by as much as 50% for a slight core height dimension change
from 5 m to 4 m.

Figure 3-11: Overexposed SU-8 causes a) rounded corners appear at the top of the SU-8 feature, which
extend beyond the original critical dimensions (black dotted lines) and acute corners form at the SU-8
substrate b) the top layers have ruptured and broken from a t-topped SU-8 core

The final step for SU-8 processing involves the O2 “descum”, or “ashing” procedure.
Energized O2 plasma etches organic films which removes thin photoresist and developer residue
from the developed regions of a photolithography pattern. Crosslinked SU-8 polymer can be
quickly etched by this O2 descum, and care must be taken not to etch too much. Excessive
descum power or duration will exponentially increase the roughness of the sacrificial SU-8
surface. This surface roughness will then be transferred to the deposited upper cladding layers.
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Too little descum power or duration will cause a remaining organic film to impede adhesion
between the upper cladding layers and the lower cladding layers.

3.3

Plasma and Acid Etching
Etching is a subtractive process commonly used in microfabrication. Etch processes can

generally be grouped into two groups known as wet etching and dry etching. Several common
metrics used in characterizing an etching process are rate, selectivity, and isotropy. The etch rate
is the removal rate of the material desired to be removed. Selectivity is a ratio of the etch rate of
the material to be removed compared to the etch rate of the masking, or protective material.
Lastly, the etch isotropy is the ratio of the etch rate in the horizontal direction compared to the
etch rate in the vertical direction of the material which is desired to be removed. A perfectly
isotropic etching process removes material in all directions equally, while removal which
dominates in a single direction is referred to as an anisotropic etch.
Dry etch processing used in ARROW and other semiconductor fabrication typically
involves a plasma system, diagrammed in Figure 3-12. Gases flow through calibrated MFCs and
into a chamber as pressure is typically maintained on the order of 10-3 – 1 Torr. An RF power
supply is attached to parallel plate electrodes and, when voltage is applied, creates ionized
plasma state between the electrodes. The species in the plasma interact with the surface of the
substrate and remove the exposed material from the wafer. When reactive ions are used as
etching species, this etch is referred to as a reactive ion etch (RIE). The systems used in plasma
etching such as RIE and O2 ashing are very similar to the equipment used in deposition systems
found in Figure 3-4. The difference is the precursor gases used in plasma etching create
etching/removal species, whereas the gases used in PECVD create film deposition species.
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Figure 3-12: Plasma etching system diagram

The other type of etching process is referred to as a wet etch. In this type of etching, the
substrate containing a material to be etched is submerged in an acid or solvent bath. Heat can be
applied to increase diffusion and the reaction rate of the wet etching process. Wet etching is
often used to remove sacrificial material to create a microfluidic channel or free a cantilever
beam. This removal process, diagrammed in Figure 3-13, involves a heated acid diffusing from
an open end of the hollow channel towards the sacrificial material remaining in the channel. The
acid reacts with the sacrificial material, and then must diffuse back out of the channel in order for
fresh etchant to continue the removal reaction. This diffusion causes the rate of sacrificial
material removed by the acid over a length of time, t, to decrease according to a square-root time
dependency. The diffusion limited length removed by the acid is given by

L(t )  2k n Dco t

(3.4)

where kn is a constant dependant on channel cross-sectional area, D is the diffusion coefficient of
the acid etchant, and c0 is the active etchant concentration.
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Figure 3-13: Acid etching of sacrificial core material in a microfluidic channel

Wet etches are most often used in the ARROWs project to remove a sacrificial core
material or pattern a metal layer. By nature, wet etches are generally isotropic and have a larger
amount of variability in feature size. If a subtractive process must produce anisotropic features,
or features of a small critical dimension, the researcher is better served to use a dry etch. Dry
etches are used in the ARROWs project to pattern solid-core ridge waveguides into the thick
SiO2 cladding layer, as well as to remove the top layers at the ends of the hollow-core so a wet
etch can remove the sacrificial material.

3.4

Characterization Methods
Once the devices are fabricated, their optical qualities need to be characterized. As the

ARROW fabrication matures, feedback regarding the optical quality of the resulting devices is
crucial for pinpointing possible fabrication advancements. One of the more useful metrics for
increasing fabrication quality is the waveguide loss coefficient. This quantity represents the
amount of optical power lost as the signal travels down the waveguide, and is directly correlated
to the overall sensitivity of an ARROW used in fluorescence or other optical biological sensing
applications.
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3.4.1

Throughput Measurements
When determining ARROW device sensitivity, it is useful to pinpoint key locations of

the device that contribute to signal losses. One of the more simple methods for estimating the
relative sensitivity of an ARROW device is a throughput intensity measurement, diagrammed in
Figure 3-14. Light from an optical fiber is coupled into a facet of an ARROW device where it
experiences a coupling loss denoted by e1 before it propagates down a solid-core waveguide
with loss coefficient given by s. Once the signal reaches the hollow-core waveguide in the
center of the device, it experiences another waveguide coupling loss denoted by i before
propagating down the hollow-core waveguide with loss coefficient given by h. The remaining
light passes through one more waveguide coupling loss coefficient, another length of solid-core
waveguide, and is collected from the edge of the chip by an objective lens. The intensity
observed by the objective lens is then measured using a power meter and is recorded. This
throughput is then normalized with a baseline power measurement recorded by coupling the
output of the fiber directly into the objective.

Figure 3-14: Simple device throughput measurement setup where light transmits along the length of the
hollow-core waveguide, experiencing various waveguide propagation losses () and various waveguide
coupling efficiencies ().
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The throughput measurement can provide the researcher with an estimation of the
sensitivity of the ARROW chip, but the individual contributions of each loss mechanism
diagrammed in Figure 3-14 cannot be reliably determined without further experimentation. A
second rapid throughput measurement can be taken across the ARROW device in the orthogonal
direction, as diagrammed in Figure 3-15. This throughput measurement is commonly referred to
as the “solid-core throughput”, or SC measurement, because the loss contribution from the
liquid-core loss can be discarded. The previously described throughput measurement is then
commonly referred to as the “liquid-core throughput”, or LC measurement, because it contains a
nontrivial liquid-core loss portion.

Figure 3-15: Measurement of device throughput where liquid-core loss is a negligible factor and solid-core
loss (s) dominates.

Numerical solutions for each throughput measurement are given by

Tlc   e1e

 s l s1,lc

 i e  l  i e l  e 2
h h ,lc

s s 2 ,lc
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(3.5)

for the LC measurement and

Tsc   e1e

 s l s 1,sc

 i e l  i e  l  e 2
h h ,sc

s s 2 ,sc

(3.6)

for the SC measurement. In equations 3.5 and 3.6, T is the normalized power transmission, lh,lc is
the length of the hollow-core waveguide in the LC measurement, lh,sc is the length of the hollowcore waveguide in the SC measurement,  is the loss of the particular type of waveguide, e1 and

e2 represent edge coupling efficiencies, and i is the waveguide interface coupling efficiency.
Additionally, ls1,lc is the length of the solid-core waveguide section before the hollow-core
waveguide in the LC measurement, while ls2,lc is the length of the solid-core waveguide section
after the hollow-core waveguide in the LC measurement. Similar notation is used in equation
3.6 for the SC measurement. For simplicity, the solid-core portions before and after the hollowcore portion of the transmission can be assumed to have the same loss coefficient and can be
combined into a single exponential term. As well, lh,sc is defined by the device design to be 12
m in length. This extremely short distance contributes negligible loss and can be discarded
from equation 3.6. Furthermore, the edge coupling efficiencies (e1,e2) as well as the interface
coupling efficiencies (i) are assumed to be equal in both measurements.
Using the assumptions mentioned previously and taking the ratio of equation 3.5 and 3.6
yields

Tlc
 l l 
 e hlh e s s ,lc s ,sc .
Tsc

(3.7)

If we further assume negligible contribution from the solid-core length differences (ls,lc-ls,sc), the
hollow-core loss coefficient (h) can be approximated by
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 Tlc 
 cm1
 Tsc 

 h  2.5  ln

(3.8)

for a device with a common hollow-core length of 4 mm.
This method of deducing losses was used with good success on a database of ~100
recorded SC and LC throughput measurements. The resulting calculations provided an average
hollow core loss of 2.69 – 4.91 cm-1 which coincides with loss figures of 2 – 5 cm-1 reported for
similarly constructed ARROW devices [60]. Using this characterization method allows the
researcher to perform fast, nondestructive measurements on the ARROW to obtain a very key
component of the device sensitivity, the hollow-core loss coefficient.

However, the

approximations and assumptions made in the derivation should be individually addressed and
understood if the technique is to be applied to future ARROWs.
In a way, very similar constraints govern the assumption that the coupling efficiencies
(i,e#) in both directions (LC and SC) are near equal. In both cases, the reason the assumption
is valid is due to the nature of the microfabrication processes. i is affected by the vertical
thickness of the liquid-core top layers, which should be nearly identical for all solid- to hollowcore waveguide interfaces. The edge coupling efficiencies are affected by the goodness of the
facet cleave and how well the waveguides are aligned to the substrate crystal lattice. A perfectly
aligned waveguide is aligned to the crystal lattice, and all cleaved waveguide facets are
orthogonal to the waveguide length. However, even a slight misalignment (which causes a less
than orthogonal waveguide facet) evident in the LC direction will exhibit the same
nonorthogonal angle in the SC direction due to fabricating ARROWs on <100> substrates. The
validity of the assumptions are then limited to singularities (poorly cleaved devices, waveguide
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roughness at one point, etc.). As long as contamination has not affected a single facet or single
interface of the device, the assumption can be quite valid.
The other assumption to be addressed is the discarded contribution of the solid-core
waveguide length differences. Common ARROW devices are 1.3 cm x 1.3 cm square. With a 4
mm hollow-core in the LC direction, ideal cleaves would produce a SC waveguide length of 1.3
cm in the SC throughput measurement and 0.9 cm in the LC throughput measurement.
Assuming a solid-core loss coefficient of ~0.7 cm-1, this 4 mm length difference equates to a
factor of 0.756 that would replace the solid-core loss exponential in equation 3.7. This factor
could then propagate to a considerable amount of error in the final calculation. Additionally, a
large solid-core loss coefficient (>2 cm-1) would only increase the propagated error in the
calculation. However, if great care is taken during the measurement to record this solid-core
length difference and estimate with low error the solid-core loss coefficient, a very accurate
hollow-core loss coefficient can still be obtained from calculation, rather than exhaustive, direct
measurements.

3.4.2

Cutback Measurements
Another characterization method used in determining the ARROW performance is the

cutback method. Light is launched into a single type of waveguide and experiences only an
input and output edge coupling efficiency (e1,e2) aside from the loss coefficient of the
waveguide (sc). The waveguide length is measured, the output intensity is recorded, a small
portion of the waveguide is cleaved from the end of the waveguide, and the test is repeated on
the remaining length of waveguide. After multiple data points are taken, a logarithmic fit is
applied to the data and the loss coefficient of the waveguide is found to be the slope of the
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resulting line. Once this loss coefficient is characterized, the product of the input and output
edge coupling efficiencies can be estimated from a single data point and the following equation,

T   e1e sls  e 2 ,

(3.9)

by dividing the measured transmission by an exponential factor including the sample length and
recently acquired solid-core loss coefficient.
Drawbacks of the cutback method are that it is a destructive type of characterization,
where the waveguides can no longer be used once measured. It also requires a large time
investment and great care in data recording. However, the cutback method produces very
accurate results and is one of the only methods used currently that obtains the edge coupling
efficiencies.

3.4.3

Radiation Pressure
Another method of liquid-core loss characterization involves optically induced particle

transport in a liquid-core ARROW. Radiation pressure is a weak force exerted on microscopic
particles when electromagnetic radiation transfers its momentum to matter. It has been used to
induce momentum into individual biological cells (such as the case in optical tweezers) [61-63]
as well as synthetic particles in hollow-core waveguides [45]. This phenomenon provided
ARROW researchers with an additional, nondestructive method for determining liquid-core loss
coefficients.
The optical forces affecting the particle during this experiment are the scattering and
gradient forces. The scattering force drives the particle towards the beam waist or focus. In the
case of an optical mode, the force drives the particle in the direction of the mode propagation
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(Figure 3-16a). Assuming spherical or spherical-like particles, the gradient force drives the
particle to the region of highest intensity. The refraction of the light as it lenses through the
particle causes a force in normal direction to the lensing effect. This force is proportional to the
intensity of light refracting. Therefore, the force nearest the center of the beams Gaussian mode
profile (Figure 3-16b) would be highest, and would drive towards the beam center.

Figure 3-16: Left to right traveling Gaussian mode profile (red) imparting momentum to a dielectric particle.
Optical intensities (dashed lines) create gradient and scattering forces which sum (solid lines) and push
particles a) in direction of mode propagation or b) in direction of mode propagation and towards center of
mode profile (higher intensity).

The scattering force is given by

Fs ( z )  Q

n
I ( z)
c

(3.10)

where Q is the efficiency of the optical momentum transfer, n is the index of the particle, c is the
speed of light, and I(z) is the intensity of the radiation incident on the particle. Due to the
viscosity of the fluid medium, the fluidic drag force on the particle is given by
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FStokes ( z )  6 ' r

dz
dt

(3.11)

where ’ is the average dynamic viscosity of the fluid, r is the radius of the particle, and dz/dt is
the resulting velocity of the particle with respect to the fluid flow.
In this characterization method, a single 1 m diameter polystyrene sphere is isolated
near one end of a liquid-core waveguide of an ARROW chip. The levels of both fluid reservoirs
are equalized to remove pressure induced flow velocity and as a result, the particle remains
relatively stationary. Output from a Nd:YAG laser (=532 nm) is coupled through a singlemode fiber into the LC-oriented solid-core waveguide from the same side of the chip as the
polystyrene sphere, as shown in Figure 3-17. As the polystyrene sphere is optically moved along
the length of the liquid-core waveguide, its position is captured and measured by a calibrated
CCD operating at 20 frames per second.

Figure 3-17: Radiation pressure characterization method. Nd:YAG laser induces particle motion in
polystyrene spheres while an overhead CCD captures particle position data to be analyzed.
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The combination of the opposing optical scattering and fluidic drag forces, under a steady
state condition, yields a solution for the particle position given by

z (t ) 

1

h

lnv0 h t  exp h z 0 

(3.12)

where v0 is the initial particle velocity and z0 is the particle position along the length of the
hollow-core at the moment when optically induced transport begins. The liquid-core waveguide
loss (h) is then extrapolated from the recorded particle positions.

Figure 3-18: Radiation pressure characterization method results. Particle trajectory versus time (red circles)
with an exponential fit curve applied (line).

The experiment was performed with two types of liquid-core waveguides and provided
loss results consistent with previously conducted cutback measurements. Figure 3-18 shows the
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recorded positions of a polystyrene particle transmitting in a planar, broadband ARROW. The
hollow-core loss coefficient from cutback measurements has been found to be ~2 – 4 cm-1 for
this type of ARROW, so we can see that radiation pressure has provided us with a reasonable
value for the loss.

3.4.4

Scattered Light Imaging
The newest ARROW characterization technique conducted by researchers in the BYU

ARROWs group is the scattered light imaging method. This method makes use of an overhead
CCD camera to image the scattered intensity of the propagating waveguide mode. The method
has been shown to accurately measure the waveguide propagation loss in solid-, liquid-, and
air/gas-core ARROWs as well as the waveguide coupling coefficient from one type of
waveguide to another [35].

Figure 3-19: Scattered light imaging characterization setup
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Output from a bare single-mode fiber is coupled into the on-chip ARROW waveguides,
as shown in Figure 3-19. The optical power in the leaky mode of the waveguide decreases
exponentially as it propagates along the waveguide, and this decrease is evident through the light
scattered out of the top of the waveguide by surface roughness. An overhead CCD camera
captures this relative decrease in intensity for further analysis.
After a specific type of waveguide has been imaged, signal processing software such as
MATLAB is used to rotate and crop the image. The result is a vector of gray-scale pixel values
which correspond to the exponentially decreasing relative intensity measurement. The loss
coefficient for that particular type of waveguide (liquid-core or solid-core) is then the slope of a
linear curve fit to the natural logarithm of the image vector. Figure 3-20 shows an example of
the scattered light imaging method employed on a liquid-core ARROW waveguide and the
resulting MATLAB processed intensity plot with fit curve applied.

Figure 3-20: Example images from scattered light characterization procedure a) actual CCD image showing
liquid-core scattered light, b) log-scaled plot of corresponding pixel data with line fit (red) to liquid-core data
(blue) and solid-core scattered light (grey) has been omitted from fit

59

The scattered light imaging technique is also used to characterize the solid- to hollowcore interface coupling coefficient (i).

Once the waveguide loss coefficient has been

extrapolated from the captured image, the overall throughput of an ARROW device can be
measured by taking the ratio of the scattered intensity at the end of the chip to the relative
scattered intensity at the beginning of the chip. Using this throughput ratio and the waveguide
loss coefficients, one can solve for the solid- to hollow-core coupling coefficient using a
modified form of equation 3.5 which is given by

 i  T  e

sc l sc

 e hclhc

(3.13)

where T is the throughput ratio, sc and hc are the solid- and hollow-core waveguide loss
coefficients, and lsc and lhc are the total solid- and hollow-core waveguide lengths.
The measurement uncertainty of the scattered light imaging method can vary due to the
amount of human interaction with the measurement and the relative care taken in collecting and
processing measurement data. For our research group, the uncertainty of the measurement was
obtained by performing the measurement on a single waveguide and then repeating the entire
process a total of 10 times on the same waveguide. The uncertainty was then calculated by
taking the standard deviation of the calculated loss value across the set of 10 measurements.
This uncertainty was calculated to be 15% and 10% for liquid-core and solid-core waveguide
measurements, respectively.
This nondestructive characterization method allows for quick, accurate measurements of
integrated ARROW waveguides. Additionally, the presence of this characterization method in a
BYU laboratory has shown to drastically increase the quality and speed of fabrication quality
feedback. Researchers in the BYU IML group have been able to more quickly implement
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fabrication process changes to improve the optical quality of devices, and the addition of this
characterization tool is already promising to increase the usefulness of the BYU ARROW.

3.5

ARROW Fabrication Conclusions
As a researcher in the BYU IML, I have been able to examine the test wafer procedure

presented by Dr. John Barber and redefine the conclusions to be more appropriate with the
recently added PECVD equipment. As well, I introduced the chrome stop etch layer beneath the
core for the core expose RIE etch, which electrically isolates the substrate from the fluidic
reservoirs placed later. This isolation allows researchers in the UCSC AOG to consistently
implement electroosmotic flow (EOF) into ARROW-based experimentation. I was also the first
researcher to observe a strong correlation between PECVD2 deposition pressure and film
conformalities.

Further experimentation surrounding the relation confirmed suspicions and

allowed BYU researchers the ability to improve the thick oxide coating of the devices. The
fabricated devices then proved to be drastically more robust during the core removal etching
process.
However, there is still a substantial amount of experimentation and process refinement to
be completed. A reasonable goal would be to miniaturize and integrate the entire system
documented in Figure 1-1. This would involve an ambitious undertaking of integrating active
and sensitive components directly onto the system, such as an excitation source (light emitting
diode) and an optical detector (avalanche photodiode). As well, a fluidic handling system would
be necessary to create a more practical replacement and a true lab-on-a-chip device. The rest of
this dissertation will discuss how previously unrealized components, such as optical micromanipulation methods and optical filters, have been integrated onto the ARROW device.
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4

ON-CHIP SAMPLE MANIPULATION

As the BYU and UCSC groups continue to miniaturize portions of bulk fluorescence
microscopy methods, it is critical to maintain specific points of sample control through
manipulation methods. On-chip biomolecule manipulation methods, such as optically induced
radiation pressure and electroosmotic sample flow, have recently been adapted with great
success to the ARROW sensor [64-66]. As these manipulation methods have matured, the
ARROW chip from BYU has dramatically increased its feasibility for being a complete, viable,
and miniaturized biomedical sensor platform.

4.1

Optical Manipulation
The results of the radiation pressure characterization method came about as the ARROWs

research group began to investigate the usefulness of optical manipulation techniques as they
could be applied to the ARROW. Devices fabricated and optimized at BYU have recently been
used in novel experimentation involving on-chip optical manipulation [60, 67-71]. The unique
combination of a microfluidic channel as the core of an optical waveguide has shown great
promise in the integration of critical on-chip functionality such as optical tweezers and cell
manipulation and trapping.
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4.1.1

Divergence-Based Trap
The first such manipulation experiments dealt with what is referred to as a divergence-

based (DB) optical trap, diagrammed in Figure 4-1. Polystyrene spheres are loaded into a
reservoir of an ARROW chip where pressure-induced flow drives them to the opposite reservoir.
High intensity laser light is then coupled from a pair of single-mode fibers into both edge facets
of the intersecting solid-core waveguides of the s-mask device. The mode profile of each
counter-propagating beam expands in z as the mode leaves the confinement of the solid-core
waveguide and enters the liquid-core waveguide. This divergence of the fundamental mode
drives the particle to the center of the solid-core waveguide in the z-direction (where intensity is
greatest) and the power input to each solid-core waveguide is adjusted to trap the particle in the
y-direction (Figure 4-1b).

Figure 4-1: Operation of divergence-based (DB) trap on an ARROW chip a) output from two SMF coupled
into opposing solid-core waveguides and intersecting the lateral liquid-core waveguide, b) zoomed region of
intersecting solid-core waveguide where diverging optical modes trap polystyrene particles near center of
liquid-core waveguide.
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4.1.2

Loss-Based Trap
The next type of optical trap implemented in the ARROW chip is referred to as the loss-

based (LB) trap. This trap configuration again consists of counter-propagating beams with
variable power ratios. However, Figure 4-2 shows that the beams are oriented along the zdirection of the s-mask ARROW device. Because the mode profile of beams propagating along
the length of the liquid core remains relatively constant, the divergence effect from the DB trap
cannot be used in this trapping configuration.

Figure 4-2: Operation of loss-based (LB) trap on an ARROW chip. Lateral solid-core waveguides are used to
couple light along length of liquid-core waveguide.

The counter-propagating beams used in the LB trap have z-varying intensities due to the
liquid-core waveguide loss.

We can describe the resulting z-varying force from the left-

originating beam (FL) or the force from the right-originating beam (FR) in the ray optics regime
as


c
L

FL , R  z    Q PL 0, R 0 exp   h   z 
n
2
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(4.1)

where Q is the radiation pressure efficiency, c is the speed of light, n is the index of refraction of
the particle to be trapped, h is the hollow-core waveguide loss, L is the hollow-core waveguide
length, and PL0,R0 is the left or right input power to the hollow core. By varying PL0 and PR0 the
opposing optical forces can then be equalized at any point along z to create a loss-based trap
(Figure 4-3a). The opposing forces can be summed to provide a total force (Ftot) of zero and the
hollow-core loss coefficient will determine the resulting parabolic trap energy distribution
(Figure 4-3b).

This distribution determines how “tightly” the particles of interest will be

confined when they have a nonzero thermal kinetic energy. A large liquid-core loss coefficient,
which is usually undesirable, will create a tight confinement for sample analysis. Figure 4-3c
shows an optical microscope image taken of a liquid-core waveguide filled with polystyrene
spheres when no LB trap is enabled and thermal kinetic energy causes the particles to drift about
over a large region. When the trap is enabled, in Figure 4-3d, the particles are confined to a very
tight region at the trapping point.

Figure 4-3: Operation of LB trap in an ARROW waveguide a) opposing optical forces created by waveguide
loss, b) overall potential well created by decreasing, opposing optical forces, c) trapping point of liquid-core
waveguide with particles moving freely (nontrapped), d) trap on, forcing particles to group near trapping
point.
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The loss-based trap can be operated in tandem with the divergence-based trap. This trap
is known as the “dual-beam trap”, due to its use of orthogonal beams. The loss-based trap is
oriented along the length of the liquid-core waveguide, and the divergence-based trap is then
oriented along the length of the solid-core waveguides. The thermal kinetic energy of a lossbased trapped particle allows it to drift over a region of approximately 5 m along the length of
the liquid core (Figure 4-4a). When the divergence-based trap and the loss-based trap are
enabled together, the particle is confined to a much smaller region. The traps can be operated
simultaneously with independent trapping points as well. Independently trapped particles can be
brought within a separation of approximately 7.4 m before thermal kinetic energy would
overcome the energy barrier between the trapping points, as shown in Figure 4-4c.

Figure 4-4: Operation of dual-beam trap in an ARROW waveguide a) particle trajectory under influence of
loss-based trap, b) particle trajectory under influence of both lossbased and divergence based traps, c) energy
distribution along length of liquid-core waveguide showing loss trapping point (z1) and divergence based
trapping point (z2), d) light microscope image of particles in both trapping points
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4.1.3

Active Trap
The traps presented to this point have required large amounts of laser power due to the

inefficiency of the momentum transfer. Recently, the use of feedback and tracking systems in
bulk optics has increased the efficiency of this momentum transfer considerably [72, 73]. By
altering the ARROW chip slightly and incorporating electroosmotic flow as the source of
momentum, we were able to create a single-particle trap which requires much less optical energy
than all-optical traps. This type of trap is referred to as an “active trap”, or antiBrownian
electroosmotic (ABEL) trap [69].
In the ABEL trap, the intersecting solid-core waveguides of the ARROW chip are
arranged to provide an offset in the counter-propagating mode profiles of 2z (2 m) as shown
in Figure 4-5a. Electrodes to produce electroosmotic flow are attached to the fluid reservoirs,
one of which contains stained E.-coli bacteria. The excitation signal is modulated between two
single-mode optical fibers which are coupled into each of the intersecting solid-core waveguides.
The collected fluorescence signal is measured with a single photon detector and demodulated
using a lock-in circuit. This circuit then provides the feedback necessary to the electroosmotic
system to drive the particle to the center of the trap.
As can be seen in Figure 4-5b, the stained E.-coli bacteria was held at z0, or the center of
offset in the intersecting solid-core waveguides. Figure 4-5c shows histograms of the particle
position when the lock-in circuit was enabled or disabled, and it is apparent the feedback was
able to tightly confine the particle along the length of the liquid-core waveguide. However, the
particle was free to drift between the walls of the liquid-core waveguide in the x-direction. To
remedy this issue, a weak IR beam was coupled into the solid-core waveguides along the length
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of the liquid-core waveguide. Figure 4-5d shows a histogram of the particle position in the xdirection with and without this IR guiding beam.

Figure 4-5: Operation of active feedback trap a) device setup with offset intersecting solid-core waveguides,
b) light microscope image of E.-coli bacteria captured in active trap, c) z oriented position histogram with and
without active feedback, d) x-oriented position histogram with and without IR guiding beam

The reduced optical power required of the active trap is a notable achievement in the
recognition of the ARROW as a fully optofluidic device. Additionally, the electroosmotic flow
only requires the supply of a few volts, which is highly desirable for portable applications. The
unique feedback system of the active ARROW trap creates a true single-particle trap and despite
the modulation of the excitation beam, the fluorescence signal can still be used in fluorescence
correlation spectroscopy (FCS) or other optical methods [74].

4.1.4

Optical Sorting
While the optical forces imparting momentum to a particle produce a velocity that is

proportional to the square of the radius of the particle, drag-limited flow velocity (FStokes) is
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proportional only to the radius of the particle [26]. This difference in proportionalities was
exploited in an ARROW device known amongst the research group as the “H-mask”. A 4reservoir ARROW device was designed and fabricated which combined fluidic flow and
optically induced momentum with the end goal of creating an on-chip particle sorting device
based on the ARROW.
The sorting location of the device was created by intersecting 1 solid-core ARROW with
3 liquid-core ARROWs, diagrammed in Figure 4-6. The dimensions of this liquid-core junction
were lithographically defined to be 12 m x 12 m with a 5 m tall core. At this point in the
device, larger particles were greatly affected by the optically induced momentum from the lateral
solid-core waveguide and tended to follow the path of the resulting optical force toward the
lateral liquid-core waveguide. Smaller particles, on the other hand, continued along a path
defined by pressure or electroosmotic induced fluid flow in the vertical liquid-core waveguide.

Figure 4-6: Magnified view of liquid-core junction in H-mask device for size-based optical particle sorting a)
particles larger than 1 m are affected by optical momentum imparted toward +z, while particles smaller
than 1 m continue in fluid flow path of +y, b) microscope image of diagrammed area.
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As the particles flow past the intersecting solid-core waveguide, the optical scattering
force (which is proportional to the square of the particle radius) drives them in the positive zdirection. The resulting terminal velocity (vz) imparted to each particle is given by

vz ( y)  Q

n r
I ( y)
c 6 '

(4.2)

where Q is the radiation pressure efficiency, n is the refractive index of the particle, c is the
vacuum speed of light, and ’ is the average dynamic viscosity. The intensity (I) within the
sorting location is dependent upon the y-position due to the Gaussian profile of the fundamental
mode in the z-oriented waveguides as well as the z-position, due to propagation loss of the mode.
However, due to the low loss in the ARROW waveguide, the transmission across the 12 m
wide sorting junction is ~99.7%, and the z-varying intensity is assumed to be constant.

Figure 4-7: Diagram of H-mask device setup for size-based optical particle sorting using an orthogonal beam
and electroosmotic or pressure induced flow. Attached reservoirs are labeled 1-4 and connected by liquidcore waveguides. Various solid-core waveguides exist on the chip, and only the solid-core waveguides
involved in size-based sorting are shown. The dashed box represents the area diagrammed in Figure 4-6.
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A collection of 0.5, 1, and 2 m diameter particles suspended in a water solution was
placed into reservoir 1, noted in Figure 4-7. Reservoir 4 was evacuated to initiate a pressure
induced flow from reservoir 1 to reservoir 4, while the fluid levels of reservoirs 2 and 3 were
maintained at an intermediate level in order to minimize the flow in the z-oriented liquid-core
waveguide. By comparing the particle locations shown in timed, still images captured from an
overhead CCD, the initial flow velocity was calculated to be approximately 15 m/s.
Output from a 532 nm laser was then passed through an optical isolator (OI) and
objectively coupled (O1) into a solid-core waveguide orthogonal to the liquid-core waveguide
between reservoirs 1 and 4 and parallel to a liquid-core waveguide joining reservoirs 1 and 4
with 2 and 3. The output power exiting the ARROW was measured by a power meter (PM) to be
20 W. Using previously obtained average loss values for the solid and liquid-core waveguides
and coupling efficiencies, the intensity at the center of the sorting junction (z=0, y=0) was
estimated to be approximately 3 mW.

Figure 4-8: Plot of experimental and simulated trajectories of sorted particles in an H-mask device setup.
Particles smaller than 1 m are sorted into the z-oriented channel.
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As noted in Figure 4-8, the 1 and 2 m particles achieved sufficient vz to be directed into
the z-oriented channel. The 0.5 m particles obtained a negligible amount of z-oriented velocity
and y-oriented flow velocity dominated.

This dominant flow velocity drove them toward

reservoir 4 and they were successfully sorted on-chip.

These results show the first ever

demonstration of a highly accurate particle sorting method using integrated ARROW technology.

4.2

Electrical Manipulation
Liquid-core ARROWs show promising results in experiments involving electrical

manipulation of samples through the use of electroosmotic flow. A DC voltage difference is
applied between two fluid reservoirs of the ARROW causing sample to flow between the
reservoirs. The technique can be used to drive different samples on the ARROW including
various biomolecules in experiments involving synthetic nanopores integrated into liquid-core
ARROWs [75, 76].

Figure 4-9: SEM images of micropore fabrication a) micropore location along length of liquid-core in s-mask
ARROW, b) top-down view of etched micropore showing thin nitride membrane.
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Synthetic nanopores are integrated into liquid-core ARROWs through two major
fabrication processes. The first is the creation of a larger 4 m diameter “micropore”, while the
second is the creation of a smaller “nanopore”. The micropore is created by using an RIE etch in
the BYU IML. The nanopore is then completed by the AOG with the use of a focused ion beam
milling procedure [76]. SEM images of BYU fabricated micropores are shown in Figure 4-9.

Figure 4-10: Basic micropore fabrication process a) bottom ARROW layers on silicon, b) sacrificial core
material, c) first top cladding layer, d) chrome stop etch feature, e) remaining top layers over stop etch
feature, f) micropore etched through top layers.

The micropore fabrication process is detailed in Figure 4-10. First, bottom ARROW
layers and a sacrificial core are placed on a silicon substrate as usual. The first upper cladding
layer is then deposited over the sacrificial core material, and an 8 m x 8 m square chrome
layer approximately 150 – 200 nm thick is deposited using a standard liftoff process. The
remaining top cladding layers are then deposited per design specification. A smaller 4 m x 4
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m square is then patterned using an SU-8 pillar, and another chrome liftoff procedure is
performed with a layer approximately 150 – 200 nm thick. This chrome layer acts as an etch
mask for the RIE process which will define the micropore through the top ARROW layers and
stop at the chrome stop etch feature. The wafer is then immersed in chrome etchant to remove
the chrome etch mask as well as the remnants of the chrome stop etch feature. Processing
continues as normal with subsequent ridge waveguide and core expose etches, and the sacrificial
core is removed in an optimized piranha etchant. The completed wafer is shipped to UCSC
where researchers then proceed to place nanopores in the thin nitride membrane.

Figure 4-11: Current blockade of synthentic nanopores in ARROWs a) diagram of micropore and nanopore
cross section b) small molecules passing through nanopore, c) current blockade diagram as molecules dwell in
nanopore, d) current blockade changes for particle size.
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Figure 4-11 shows the operation and detection of the current blockade through a synthetic
nanopore in a liquid-core ARROW platform. As a biomolecule passes through a nanopore in the
thin nitride membrane of the upper cladding layers, the AC current adjusts due to the restriction
of the mobile ionic flow of the buffer medium. Various sizes of molecules can cause a different
magnitude of current blockade, as shown in Figure 4-11d, due to the relative size of the nanopore
and the biomolecule being studied.

4.2.1

Electroosmotic Flow
Fluidic manipulation in microfluidic systems is most often accomplished by pressure

differentials and capillary action.

However, when the experimentation requires increased

precision or operator control of the flow, electroosmotic flow (EOF) is the preferred method of
fluidic control. The single-molecule sensitivity of nanopore-based sample manipulation requires
just such a control method.

Figure 4-12: An electric field applied across an electrolyte in a channel produces electroosmotic flow. The
resulting velocity profile is very flat, except near the channel walls where the velocity profile approaches zero.

The first observation of electroosmosis is recorded by F. F. Reuss, where water was
driven across a charged piece of clay. The fluidic flow observed was dubbed “electroosmosis”,
due to the assumption that the porous clay surface was the flow driver. This perpetuated term
was a misnomer because the flow was actually driven by ions in the water solution being
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attracted to negatively charged walls of the natural microchannels found in the clay. Such charge
imbalances exist on most surfaces where atoms are left with dangling bonds waiting to be filled
by other available molecules. A diagram of EOF is shown in Figure 4-12, where a DC electric
field creates a fluid flow of near constant velocity profile, except near the very edges of the
channel walls.
ARROWs research typically involves microfluidic channel walls made of silicon dioxide
or silicon nitride. The surface bonds found at silicon dioxide surfaces tend to produce silanol
sites (Si-OH), whereas silicon nitride surfaces produce primary and secondary amine sites (SiNH2 and Si-NH-Si) as well as other possibilities including silanol [77, 78]. In the case of a
silanol molecule on a channel surface, the hydrogen is only loosely bonded to the molecule. If a
glass-walled channel is filled with a fluid of sufficient pH, the hydrogen will ionize leaving
behind an SiO- site, as shown in Figure 4-13a.
Cations in solution are then drawn to this negatively charged channel wall and form a
dense ionic layer referred to as the Stern layer. Immediately beyond the Stern layer, a slightly
more mobile layer of cations forms and is known as the diffuse layer (Figure 4-13b). The
combination of the Stern and the diffuse layers effectively shields the negatively charged channel
walls from the remaining bulk solution.
When an electric field is applied along the length of the channel, the positively-charged,
mobile diffuse layer is drawn to the cathode and viscosity of the liquid effectively “drags” the
bulk solution in the same direction (Figure 4-13c). As a result of this dragging force, the flow
velocity profile is flat across the channel, except near the channel edges where the immobile
Stern layer has a zero flow velocity. While the explanation and diagram presented here are
descriptions of EOF in a channel formed by negatively charged surfaces, positively charges
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channel surfaces can also produce EOF. In that instance, solution anions form the Stern and
diffuse layers, and EOF drives the bulk solution towards the anode.

Figure 4-13: EOF in a SiO2 channel a) a solution of pH greater than 3 is introduced into the channel and
ionizes the silanol molecules, b) layers of densely packed cations form an immobile Stern layer followed by a
more mobile diffuse layer, c) applied electric field drives mobile diffuse layer towards cathode, drawing bulk
solution into a constant velocity flow.

Due to the variable mobility of ions near the surfaces of the channel, the electric potential
varies with distance from the channel wall, as shown in Figure 4-14. There is a large potential
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drop from the channel surface (s), across the Stern layer, to the boundary of the diffuse layer
(d). The zeta potential () defines the potential where the fluid begins to have appreciable flow
velocity and is usually approximated to be at the boundary between the Stern and diffuse layers.
The fluid potential is zero at the boundary between the diffuse layer and the bulk fluid, which is
known as the Debye thickness (D). The various parameters involved in EOF and their effect on
the flow velocity (veo) are documented in Table 4-1 [79].

Figure 4-14: Representation of the electric potential () versus distance from the channel wall surface. The
potential is maximum at the channel surface (sand drops slightly as it reaches the boundary of the diffuse
layer (d). The zeta potential () is the potential where the ions are free to nearly assume the EOF flow
velocity (veo).

79

Table 4-1: Relationship Between EOF Velocity and Common EOF Parameters

Relationship

Parameter

Units

veo  E
veo  
veo  pH*
veo  1 M

Electric Field
Zeta Potential
pH
Molarity
Debye Thickness

Volts per Length (Vcm-1)
Volts (mV)
Moles per Liter (moles L-1)
Length (nm)

veo  D

* veo and pH are proportional up to a pH of ~6.0, beyond which veo is approximately constant with increasing pH

4.2.2

Electrically Gated Micropores
Synthetic nanopores integrated onto the ARROW provide the means for ultrasensitive

detection and analysis of single biomolecules. Recent work has shown that nanopores possess
the ability to analyze RNA and DNA molecules in single-strand form by electroosmotically
flowing them through biological nanopores [80]. However, experimentation could further be
enhanced by allowing the researcher more precise control over the flow of sample through the
nanopore by the means of an additional electrical contact applied near the nanopore. The
fabrication of this “electrically gated” nanopore is shown in Figure 4-15. A chrome electrode is
patterned over the deposited bottom ARROW layers, and the sacrificial core is then aligned to
the underlying chrome electrode.
Fabrication of the gated micropore device continues as normal and the first upper
cladding layer is deposited and the chrome stop etch feature is patterned. Top layers are
completed and the micropore is etched with the SU-8 pillar liftoff method. Processing then
continues as normal as the solid-core ridge waveguide and core expose etches are completed and
the sacrificial core is removed. A contact via is then etched through the upper cladding layers to
expose the underlying micropore electrode contact. The optimized piranha etchant will remove
80

the chrome contact, so it is imperative that the sacrificial core of this device is removed in
Nanostrip.

Figure 4-15: Electrically gated micropore fabrication diagram a) chrome electrode placed after the bottom
cladding layers, b) sacrificial core material with chrome electrode underneath, c) first top cladding layer and
chrome stopper patterned, d) micropore etch through top layers, e) cross-section profile of completed
structure.

Figure 4-16a diagrams the pertinent features of the gated micropore ARROW device.
The waste and sample reservoirs are marked as 1 and 2, respectively. The chrome electrode for
the gated micropore is marked 4 and controls two separate nanopore locations, although only one
is in use for this experiment. Throughout the experiment, the voltage on this contact will remain
grounded. A buffer supply reservoir, marked 3, is used to sustain EOF flow throughout the
liquid-core. The excitation solid-core waveguide is marked 5, and the fluorescence signal
collection waveguide is marked 6.
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Figure 4-16: Diagram of gated micropore operation a) 1) waste reservoir, 2) analyte reservoir placed over
nanopore, 3) buffer supply reservoir, 4) chrome contact for micropore gate, 5) excitation solid-core
waveguide, 6) signal collection solid-core waveguide, b) AC current measured between reservoirs 1 and 2
showing current blockade as analyte molecule passes through nanopore, c) voltage applied to analyte
reservoir (V2) stops electroosmotic flow through nanopore as it assumes waste reservoir voltage (V1)

Initially, a voltage is applied to the analyte reservoir, initiating EOF through the
nanopore. After a biomolecule dwells in the nanopore and enters the liquid-core channel (Figure
4-16b), the voltage on the sample reservoir swings to the opposite polarity (Figure 4-16c), which
causes EOF through the nanopore to stop. Because the voltage on the waste reservoir and the
chrome electrode remain constant, EOF continues from the nanopore towards the waste
reservoir.

The sample can then be excited at the intersecting solid-core waveguide and

fluorescent signal is collected at the facet of the lateral solid-core ARROW.
Light microscope images of the various fabrication steps I have developed are displayed
in Figure 4-17. The chrome electrode and sacrificial core are patterned over broadband VB3
ARROW layers in Figure 4-17a. In Figure 4-17b, the chrome stop-etch feature has been defined
by a standard liftoff process over the sacrificial core and 1st upper cladding layer. This stop-etch
feature shows very smooth edges and excellent alignment to the underlying sacrificial core and
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chrome electrode.

Best results were obtained by leaving the deposited metal and liftoff

photoresist at room temperature in the IML overnight and proceeding with the acetone liftoff the
following day. The photoresist relaxation over the longer period of time produced cleaner breaks
and a better liftoff procedure.

Figure 4-17: Light microscope images of fabrication steps involved in electrically gated micropores a) chrome
electrode with sacrificial core, b) first top cladding layer and chrome stop-etch feature in place, c) remaining
top layers and solid-core ridge waveguides defined, d) micropore feature etched above chrome stop-etch
feature.
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Figure 4-17c displays the device after completion of top layers and definition of the solidcore ridge waveguides in the thick top oxide. Prior to the core expose etch, the micropore etch is
performed to create the micropore feature. The micropore appears over the chrome stop-etch
feature, as shown in Figure 4-17d. The core expose etch is completed as usual, and the device is
etched in Nanostrip at 90°C. Finally, a dry etch procedure similar to the core expose etch is used
to define the vias and expose the chrome electrodes for wire lead connection using solder paste
[81].

4.3

On-chip Manipulation Conclusions
Sample manipulation control is an extremely useful feature to implement in LOC

technologies.

These initial optical sorting results are very promising for future particle

manipulation experiments on ARROW chips. It is worth noting that the experiment performed
in section 4.1.4 could have been accomplished using a more simple 3 reservoir device. The
flexibility of the 4 reservoir device creates yet another sorting point where the 1 and 2 m
diameter spheres could surely be manipulated and sorted from each other. The combination of
the H-mask device with electroosmotic flow, rather than pressure-induced flow, will also
increase the level of control the operator has over the device sorting selectivity. In the future,
many-reservoir devices could then be realized where the optical sorting selectivity could be
tuned by varying the fluidic flow velocities as well as the liquid-core dimensions.
The creation of an electrically gated nanopore allows researchers to have precision
control over single biomolecules on the nanometer scales.

In fluorescence based sensing

experiments, ARROWs researchers have previously used the density of analyte in the buffer
solution and the volume of the excitation region created by the intersecting solid-core and liquid-
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core waveguide volumes to predict whether single-molecule detection has occurred. Additional
control over single-biomolecule transportation removes the need for probabilistic reasoning and
allows researchers to determine with certainty the sensitivity of an ARROW device.
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5

OPTIMIZING ARROW SENSITIVITY

Device sensitivity is one of the most important metrics when discussing the feasibility of
a sensor platform based on ARROW technology. Two critical components of this metric are the
signal collection efficiency and the noise radiation created by the system. Various methods have
been employed with off-chip components to maximize the signal collection efficiency, such as
objective lenses aligned to the output solid-core waveguides and coupled into the detection
equipment. Maximizing signal collection in the on-chip regime, the BYU IML group has made
efforts to reduce optical loss in the system by inventing new waveguide structures which
minimize the leaky mode loss, improving the quality of on-chip optical waveguides through
smooth etching processing, and decreasing contamination which causes roughness in cladding
layer films.
The excess noise produced by the system in the form of photoluminescence (section
3.1.2) can mostly be filtered using off-chip components, when the radiation is out of the sensing
band. Excess photoluminescence within the sensing bands can be reduced by changing cladding
materials, annealing resulting films, or discovering new methods for depositing low-PL versions
of nitride or oxide.

This chapter highlights two experiments performed with the goal of

increasing the signal collection efficiency by improving the on-chip hollow- to solid-core
waveguide coupling efficiency and reducing the excess in-band PL through a reduction of the
solvent in the excitation volume of the ARROW.
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5.1

Optimizing Interface Transmission
As the BYU ARROWs research has matured, consistently decreasing waveguide losses

have been reported. However, overall device throughput had begun to plateau, which caused the
group to seek out other factors which could be limiting device transmission. One of the key
components affected the device transmission was found to the hollow- to solid-core waveguide
coupling efficiencies.

This factor is the ratio of transmitted power from the hollow-core

waveguides into the solid-core waveguides, and vice versa. Figure 5-1 shows an example of the
scattered radiation when coupling between the two types of waveguides. Attempts to minimize
this scattering would increase the coupling efficiency and device transmission, allowing for a
more sensitive device.

Figure 5-1: ARROW device illuminated with 488 nm laser radiation propagating down the solid-core
waveguide before scattering considerably near the center of the chip upon interfacing with the hollow-core
waveguide.
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5.1.1

Interface Design Considerations
In the past, researchers in the BYU IML have fabricated ARROWs consisting of two

distinct types of cladding designs [82]. Until this point, this dissertation has discussed what can
be termed: the top-clad (TC) ARROW, a hollow waveguide clad on all four sides by dielectric
layers. These cladding layers are typically designed at antiresonant Fabry-Perot thicknesses
which are highly reflective to light incident at shallow angles and produce relatively low hollowcore losses. In the case of the cladding layers which coat the top of the core, these thicknesses
are designed and optimized to provide high transmission (99%) at normal incidence angles. This
design consideration is made to increase the hollow- to solid-core interface transmission, which
allows fluorescent signals to propagate out of the hollow-core towards the edge of the chip for
detection during sensing experiments.
The three factors that are considered when calculating top clad layer thicknesses are: 1)
resonant condition at normal incidence, 2) antiresonant condition at shallow incidence, and 3) the
conformality ratios of the deposition process. Because the test wafer process only measures the
rate of deposition on horizontal surfaces, the conformality ratio of the deposition recipe is used to
estimate the resulting thickness of the vertically oriented interface films. This assumption causes
inaccuracies in the resonant condition, because the conformality ratios can fluctuate over time for
a given deposition recipe and cannot be measured in a timely fashion with equipment found in
the BYU IML.

5.1.2

Single Overcoating Device
Despite the painstaking care taken during the design process to maximize the interface

transmission through the stack of top cladding layers, the fabricated devices have shown a
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typical interface transmission percentage (i,TC) of ~35% due to the tight tolerances required to
achieve the resonant condition. In order to increase this limited interface transmission, the single
over-coating (SOC) ARROW was fabricated.

It sought to provide higher overall device

throughputs by creating a single Fresnel reflection of oxide/water at the solid- to hollow-core
interfaces. Figure 5-2 diagrams the differences between the TC ARROW and the SOC ARROW
in terms of their hollow-core loss coefficients (h) and their interface coupling coefficients (i).
The lack of upper cladding layers required that the SOC devices be fabricated on pre-etched
silicon pedestals for lateral confinement of the waveguide mode. Figure 5-2c shows an SEM
image detailing the cross section of a SOC hollow-core device on an anisotropically wet-etched
pedestal.

Figure 5-2: Comparison of the TC and SOC ARROW devices a) SEM cross section of the TC ARROW, b)
diagram of the solid- to hollow-core interface in a TC ARROW, with interface coupling and hollow-core loss
coefficients noted, c) SEM cross section of the SOC ARROW on a Si pedestal, d) diagram of the solid- to
hollow-core interface in a SOC ARROW, scale bars in a) and c) represent 5 m.
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While the fabricated SOC devices exhibited increased hollow-core loss (measured to be
as low as 3.4 cm-1) due to lack of dielectric cladding layers over the top of the hollow-core
waveguide, the SOC ARROW achieved increased overall light transmission due to ~79%
transmission at the waveguide interfaces. This increased transmission enabled the SOC devices
to outperform the sensitivity of the TC devices, but only for limited hollow-core lengths.
Figure 5-3 shows the simulated throughput of the liquid core, given by the following
equation

T   i2 exp  h  lh 

(5.1)

where i is squared due to transmission across two interfaces, h is the hollow-core loss
coefficient, and lh is the length of the hollow-core waveguide.

Equation 5.1 differs from

Equation 3.5 because the simulation is only examining the throughput across the liquid-core,
including the interfaces.
In practice as well as simulation, the SOC devices have very similar solid-core
waveguide losses and chip edge coupling efficiencies as the TC devices, and their addition to the
simulation only serves to scale both curves by an equal factor. Additionally, the parameters used
in the simulation (noted on the plot) are meant to represent typical values of hollow-core losses,
not the best achieved. It is apparent for devices with hollow-core lengths less than 3 mm, the
SOC device can readily outperform the TC device. However, beyond hollow-core lengths of 5
mm, the hollow-core propagation loss of the SOC device limits its capabilities, and the TC
device shows higher sensitivity.
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Figure 5-3: SOC (red dash) and TC (black solid) liquid-core throughput vs length comparisons using a set of
typical parameters

5.1.3

Hybrid Overcoating Device
In order to maximize optical transmission in a larger range of device geometries, a

waveguide design was conceived that combined the high-transmission interface of a SOC
ARROW with the low-loss antiresonant hollow-core cladding layers of a TC ARROW. In this
“hybrid overcoat” (HOC) device, dielectric cladding layers would be deposited over the length of
the hollow-core waveguide, but removed from the solid- to hollow-core waveguide interfacial
regions, as diagrammed in Figure 5-4.
In order to realize the HOC device, a method for depositing antiresonant thin films at
selective locations on the wafer had to be developed. Previously, this had been accomplished in
solid-core ARROWs by a liftoff mechanism to produce dedicated filter segments [31] with
success (see Section 6.2). In order to apply the liftoff process to the nonplanar topography
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presented by the sacrificial SU-8 core in the ARROW fabrication process, the process had to be
adjusted substantially.

Figure 5-4: Solid to hollow-core interface of a hybrid overcoat device highlighting the combination of an
interface coupling coefficient of a SOC device and the hollow-core loss coefficient of a TC device.

The HOC fabrication process is diagramed in Figure 5-5. First, thin films at antiresonant
thicknesses are deposited on a silicon substrate (Figure 5-5a) and a standard SU-8 10 sacrificial
core is patterned (Figure 5-5b). The wafer is coated with PMGI photoresist and an SU-8 3005
cap-on mask is patterned over the interface locations of the chip (Figure 5-5c). Top cladding
layers are then deposited over the entire wafer substrate at antiresonant thicknesses (Figure
5-5d), where the PECVD process pressure is lowered from 1100 mTorr to 600 mTorr to create a
slightly less isotropic film deposition and aid in the liftoff process. The wafer is submerged for 1
hour in Microposit Remover 1165 (Shipley) which dissolves the PMGI and lifts off the
antiresonant films (Figure 5-5e), revealing the sacrificial core at the device interfaces. A thick
oxide coating is then grown over the entire structure and solid-core ridge waveguides are defined
by a reactive ion etch (Figure 5-5f).
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Figure 5-5: Two-dimensional, top-down view of HOC device fabrication flow a) antiresonant films on silicon
substrate, b) patterned sacrificial core, c) PMGI liftoff mask placed at device interfaces, d) top antiresonant
films on device structure, e) PMGI removed, exposing sacrificial core at device interfaces, f) thick top oxide
layer with solid-core, ridge waveguides defined.

It is crucial for the transition at the liftoff boundary to be as smooth as possible. Because
the thick oxide layer is deposited by PECVD, any small defects at the edge of the liftoff profile
will quickly amplify the film growth rate at that particular point. If there are defects at the liftoff
boundary, a spherical defect of oxide forms during the thick coating of silicon dioxide and
produces cracks and breaks. These oxide deformities not only compromise the optical integrity
of the waveguide, a problem encountered also in Section 6.2, but in this instance the structural
integrity of the microfluidic channel can also be compromised.
PMGI also has a tendency to pull itself into a planar film as the solvent evaporates from
the photoresist during soft bake steps. This planarizing process was captured as a video using
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the Leica microscope and attached CCD camera in the IML. Select images of this evaporation
process are included as Figure 5-6.

Figure 5-6: Still images of PMGI planarization from video captured immediately after spin coating an SU-8
core. The planarization begins at the points of weakest adhesion (concave corners) and progresses until the
solvent PMGI is fairly free of solvent.

A cross section of this planarizing action is diagrammed in Figure 5-7a. Small voids
form between the substrate and PMGI film near the SU-8 sacrificial cores (blue), evidenced by
the fringing interference pattern captured in Figure 5-7b. If this fringing pattern is present, it will
lead to undesirable bubble formation during typical PMGI soft baking at 200°C. At temperatures
higher than 150°C the underlying SU-8 core outgasses (Figure 5-7c) and forms bubbles in the
PMGI film. The bubbles are large enough, sometimes 40-70 m in height, to cause problems
with the subsequent cap-on mask SU-8 spin.
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Figure 5-7: Common issues with PMGI film in nonplanar topographical situations a) cross-section profile of
voids near sacrificial SU-8, b) voids near sacrificial SU-8 (blue shaded) edges evidenced by interference
patterns in light microscope image, c) during processing, the void can form into a bubble and rupture.

In order to create a bubble-free coating PMGI film, the PMGI is spin-coated onto the
wafer and immediately baked on a hotplate at 110°C for 5 minutes. This higher temperature
softbake quickly removes the PMGI solvent in such a way that the photoresist does not
planarize; however, it also induces a fair amount of stress into the PMGI due to the rapid
solidifying of the photoresist. In fact, a higher temperature can actually “boil” the solvent out of
the PMGI and cause microbubbles to form inside the film. The softbake is then ramped to
150°C to minimize the SU-8 outgassing while still driving off sufficient solvent to allow the
PMGI to develop properly. After baking at 150°C for 4-5 hours, the temperature is then ramped
down to 65°C and held for 5 minutes.
The SU-8 cap-on mask is patterned using standard, manufacturer recommended
lithography settings. SU-8 3005 was again selected as the cap photoresist for its superior
adhesion and ease of processing. Due to the decreased softbake temperature of the PMGI, the
development step of the SU-8 cap can cause the stressed PMGI film to form micro-scale cracks.
After full development of the cap-on mask, these cracks are remedied by a 200°C reflow bake
prior to the deep-UV exposure and development of the PMGI film. The deep-UV exposure steps
are then completed in multiple exposure and development steps, with a final overdevelopment to
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provide significant undercut.

The final, fabricated structure of PMGI over a nonplanar

topography is shown in SEM images in Figure 5-8b and Figure 5-8c where the cap-on SU-8
mask can be seen overcoating the PMGI and sacrificial SU-8 material.

Figure 5-8: PMGI during liftoff processing a) ARROW device with region of SEM micrographs denoted in
central box, b) SEM micrograph of area, c) zoomed SEM image denoting planarization of PMGI, SU-8 capon mask, and SU-8 sacrificial core, d) light microscope image of final structure with thick oxide and solidcore rib waveguides in place, SOC region denoted with a false color tinting (red).

5.1.4

Testing and Characterization
The HOC ARROW devices were filled with water and measured using the scattered light

imaging method (Section 3.4.4) with a 650 nm laser source. The hollow-core loss coefficient
(h,TC, Figure 5-4) was found to be 2.45 cm-1 with a measurement uncertainty of ±0.2 cm-1. This
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propagation loss is in excellent agreement with previously calculated values in the range of 2.69
– 4.91 cm-1 for comparable TC liquid-core ARROWs.
The scattered light imaging technique was also used to measure the interface coupling
efficiency (i,SOC, Figure 5-4) of the HOC device. By comparing the scattered intensity near the
end of the solid-core waveguide with the scattered intensity near the beginning of the liquid-core
portion of the waveguide, it was estimated that the solid- to hollow-core interface efficiency was
approximately 73±12%. This value coincides well with the previous transmissions for a SOC
interface (79%) [82].

Figure 5-9: SOC (red dash), TC (black solid), and HOC (blue dot) liquid-core throughput vs length
comparisons using the stated, typical parameters

Based on the results presented, a simulation similar to the one found in Figure 5-3 was
completed with the addition of the HOC parameters. It is shown in Figure 5-9 that the HOC
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device provides superior transmission to the SOC and TC devices for hollow-core waveguide
lengths longer than 1 mm and shorter than 7 mm. When hollow-core lengths are below 1 mm,
the overall sensitivity of a device is dominated by the interface transmission. Because the SOC
and HOC devices showed similar interface transmissions, the device designs are presumably
interchangeable at those short hollow-core lengths. In similar fashion, beyond a hollow-core
length of 7 mm, the TC and HOC devices would behave similarly and the hollow-core loss
coefficient would determine the sensitivity of the fabricated device. Most research conducted by
our group has surrounded devices of 4 mm of hollow-core waveguide lengths. At these lengths,
the HOC device provides approximately a 2.0x and a 5.0x improvement over the SOC and TC
ARROWs, respectively.
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6

OPTICAL FILTER INTEGRATION

ARROW devices used in fluorescence and surface-enhanced Raman spectroscopy
(SERS) experimentation require high discrimination between analyte signals and background
noise (e.g. scattered excitation light) for sensitive detection. In an experimental setup involving
these detection methods, wavelength filtering has previously been accomplished by a discrete
off-chip optical filter positioned between the output facet of the integrated chip and an objective
lens coupled to an optoelectronic detector [83], as diagrammed in Figure 6-1. Typically, the
pump wavelength power is in the 10-3 W range, while fluorescent wavelength power received is
counted by a single-photon avalanche photodiode (APD) or a photomultiplier tube (PMT).
Clearly, rejecting the relatively large excitation intensity from the detected signal is of critical
importance. This optical filtering step must be integrated onto the ARROW chip as these
platforms will begin to integrate optical sources and detectors [84] and require more sensitive
detection capabilities.
The initial technology for optical filtering of micro-scale fluorescence detection devices
relied on interference filtering mechanisms [85]. These filters were commonly used in macroscopic fluorescence detection setups, and therefore, were a familiar choice of filter when
fluorescence detection began miniaturizing.

Since that time, other types of miniaturizable

filtering mechanisms have been explored such as absorption filters, spectrally selective filters
(where excitation and fluorescence are both detected and excitation signal is rejected using
supporting electronics), and light-guiding filtering elements (where the excitation wavelength is
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refracted away from the detector) [86]. However, these more recent developments require
integration of exotic materials, complex detection electronics, or advanced microfabrication
involving lenses and refracting optics.

Figure 6-1: ARROW platform in a fluorescence detection setup with discrete pump rejection filter.

Interference based filters are less complex and are typically based on a periodic
modulation of the index of refraction of the core or cladding material. This modulation can be
achieved by varying the materials or by etching of physical grooves into the waveguide [86-88].
However, much of the work with these periodic filters revolves around telecommunications
wavelengths (1300 nm – 1600 nm) and involves silicon-on-insulator waveguides where a large
index difference simplifies the filter design while achieving reasonable rejection. Unfortunately,
a direct application of these filtering mechanisms to the visible wavelengths (400 nm – 700 nm)
that accompany the ARROW fluorescence experimentation requires expensive, emerging
nanolithography and an extremely large number of periods of index modulation.
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6.1

Integrated Filter Design Considerations
The intrinsic wavelength dependence of the underlying interference effect caused by

ARROW layer thicknesses provides an extremely straightforward method for integrating spectral
filtering onto the optofluidic chip. It is proposed that by careful thickness design, a waveguide
can discriminately confine analyte signal wavelengths while rejecting the excitation light [50].
The rejection effect is therefore accomplished by allowing the pump light to scatter out of the
waveguide and be absorbed by the underlying silicon substrate. This interference effect can be
exploited in either the solid-core or the liquid-core waveguide portions of the ARROW chip (see
Figure 6-2).

Figure 6-2: Integrated filtering in an ARROW chip a) discrete optical filter rejecting background optical
signal (green) and pump optical signal (blue) prior to collecting fluorescent optical signal (red), b) integrated
optical filter by lossy hollow and solid-core waveguides rejecting background and pump optical signals.

Previously, it was shown that for low loss propagation, the ARROW relies on the
antiresonant condition of a series of Fabry-Perot etalon (see Section 2.2.2) cladding layers.
Additionally, any higher-order odd multiple of the antiresonant thickness will also be
antiresonant for a particular wavelength [89, 90]. This concept is based on the fact that the
necessary intra-layer destructive interference effect will be a periodic repetition of thicknesses
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based on the wavelength of light used. However, if a layer within the stack of antiresonant
layers is at an even multiple of the antiresonant thickness, it becomes a resonant etalon, and the
destructive interference effect now becomes a constructive interference effect. While an overall
destructive interference effect creates a very reflective surface, a constructive interference effect
creates a very transmissive surface. Cladding a waveguide core with this transmissive surface
can create the effect of an extremely high loss notch filter, as diagrammed in Figure 6-3.

Figure 6-3: Layer profiles and loss coefficient for similar solid-core waveguides a) all cladding layers at
antiresonant thicknesses, b) a single resonant-thickness layer placed in the cladding, all other layers
antiresonant, c) corresponding calculated loss coefficients for each waveguide.

The layer profile shown in Figure 6-3a is a solid-core SiO2 waveguide (ncore=1.465) with
cladding layers of antiresonant thicknesses for 590 nm light (thi=115 nm, tlo=296 nm, nhi=2.05,
nlo=1.475). We can also create a single resonant cladding layer within the stack, as shown in the
layer profile in Figure 6-3b. For these very similar waveguides, the calculated antiresonant and
resonant losses at 590 nm are 1.5x10-6 cm-1 and 1.1x10-1 cm-1, respectively (Figure 6-3c). A
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simple resonant layer and the resulting constructive interference effect can increase the loss by
almost 5 orders of magnitude.

6.2

Lift-off Integrated Filters
One attempt to integrate optical filtering methods directly into the ARROW platform

seeks to provide high pump discrimination in the solid-core signal collection waveguides while
also providing high pump confinement in the solid-core excitation waveguides [30, 31]. By
modifying only the collection waveguides (Figure 6-4), we can efficiently integrate a notch filter
to reject any scattered excitation light while passing the fluorescence or Raman signal.

Figure 6-4: ARROW platform with integrated pump rejection filter a) schematic diagram, b) fabricated
device with integrated solid-core filters visible as greenish colored strips in the horizontal direction.

Selective deposition of thin films by lift-off accomplishes this task of defining filtering
regions in the solid-core collection waveguides, while still allowing the solid-core pump
waveguides to guide the excitation signal with low loss. While visible wavelength filtering is
possible with other techniques (e.g. Bragg gratings), they often require many dielectric layers
(each with high tolerances) or costly emerging nanofabrication processing.
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Creation of selectively defined regions of thin films in planar fabrication can be
accomplished by etching or lift-off techniques. For our application, etching procedures are not
preferred because ARROW filters have limited thickness tolerances for the dielectric layers.
Timing a dry etch procedure to meet these tolerances is challenging. A stop etch layer, placed
below the broadband layers to be removed, would complicate the fabrication process and
removal of the stop etch from underneath existing broadband layers could prove problematic.
Etching processes also introduce surface roughness that would create unacceptably lossy
waveguides. However, lift-off processing would create a straightforward, fast, and low cost
method of patterning different filter and broadband waveguide regions.
Within our fabrication constraints, a standard lift-off technique is inadequate.

In a

standard lift-off procedure, a directional deposition over a single photoresist layer or other
sacrificial material produces a slight break in the deposited films due to poor deposition
conformality. Because PECVD and sputtering processes are relatively isotropic depositions
(when compared with an evaporation deposition), a simple rectangular step profile for the
sacrificial material cannot be reliably lifted off.

Additionally, sacrificial photoresist layers

cannot be used because the high temperatures involved in PECVD and sputtering are above the
photoresist glass transition temperatures, and the photoresists would reflow causing a
deformation to the post-development rectangular shape.
A

lift-off

fabrication

process

based

on

the

combination

of

SU-8

and

polymethylglutarimide (PMGI) photoresists, as outlined schematically in Figure 6-5, provides a
reproducible undercut profile that is used successfully to lift off film depositions of moderate to
high conformality ratios [28]. In the case of notch filter integration, dielectric layers designed to
filter out the excitation light, as explained in Section 6.1, are first deposited over the entire
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silicon substrate (Figure 6-5a). A layer of deep UV photo-definable polymer with reproducible
undercut and high temperature stability necessary for dielectric thin-film deposition (LOR
30A/PMGI, Microchem) is deposited and patterned with an SU-8 “cap-on” mask (Figure 6-5b).
The SU-8 cap-on mask is thick enough to absorb the DUV radiation, which would otherwise
expose the underlying PMGI layer, and is also selective to the developer (AZ300 MIF) used in
PMGI processing. Once the cap-on mask has been exposed and developed, it remains in place
and absorbs the DUV radiation used to expose the underlying PMGI.

Figure 6-5: PMGI and SU-8 based liftoff method for fabrication of integrated filters a) filter layers deposited
over entire wafer, b) PMGI with a patterned SU-8 region, c) exposed and developed PMGI, d) broadband
spectrum layers deposited over liftoff structure, e) PMGI dissolved, f) silicon dioxide waveguide defined.

For exposure of the PMGI, the wafer is placed into a DUV chamber (=254 nm, GS
Gene Linker UV Chamber, Bio-Rad Laboratories) on a rotating stage and exposed for a duration
of approximately 5 minutes. After the exposure step, the wafer is agitated in AZ 300 MIF
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developer for 1 minute. The PMGI absorbs the DUV exposure radiation within the first 1 – 2
m of photoresist. Therefore, it is necessary to perform multiple exposure and development
steps in order to completely develop a PMGI film that is more than a few micrometers in
thickness. Once developed, the PMGI is then overdeveloped for 3 – 5 minutes to produce an
overhanging structure which is compatible with more advanced lift off processing (Figure 6-5c).
With the liftoff polymers processed, dielectric thin-films at thicknesses designed to guide
light over a broadband spectrum (wavelengths 450 nm to 1100 nm) are deposited over the entire
wafer, coating the PMGI and SU-8 polymer structure (Figure 6-5d). The liftoff structure causes
a natural break to occur at the lift-off polymer boundary. The substrate is placed in Microposit
Remover (1165, Shipley) which dissolves the PMGI film cleanly.

Intrinsic tensile stress

possessed by the SU-8 cap-on mask, which has been coated in dielectric broadband layers,
causes the liftoff regions to peel away from the substrate as the PMGI dissolves and aids in the
lift off step. Once the PMGI completely dissolves, regions of the filtering films previously
deposited (Figure 6-5e) are uncovered. A thick top layer of SiO2 is then deposited over the
structure and a solid-core rib waveguide is defined using an ICP RIE process (Figure 6-5f).
While our technique can work for a wide range of materials and film thicknesses, it was
discovered that the lift-off profile provided by SU-8 and PMGI can still be inadequate if the
deposition is too isotropic. As an example, a highly isotropic PECVD recipe was deposited over
the lift-off SU-8 and PMGI structure and scanning electron micrographs (SEM) were taken. In
Figure 6-6a, the dielectric layers have coated the underside of the SU-8 cap-on mask and the
vertical face of the PMGI (Figure 6-6b shows a zoomed view of marked region). In Figure 6-6c,
the PMGI has dissolved and left behind a free-standing “wave” of thin dielectric layers which
previously coated the vertical surface of the PMGI and underside of the SU-8 surface (Figure
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6-6d shows a cross-sectional diagram of Figure 6-6c). During the liftoff step, these films protect
the PMGI from the 1165 and cause it to dissolve sporadically and slowly across the wafer.

Figure 6-6: Isotropic deposition over lift-off polymers causes coating of undercut PMGI layer a) underside of
SU-8 and PMGI coated with 5 ARROW layers, b) zoomed view of dashed region from a, c) freestanding
“wave” of dielectric layers remain after PMGI and SU-8 have been removed, d) cross section diagram of
freestanding “wave”.

In order to resolve this problem and create a less isotropic film deposition, the pressure of
the PECVD recipe was lowered from 1100 mT to 600 mT. Gas flows were correspondingly
adjusted as well to achieve a uniform thickness across the wafer. This less isotropic deposition
allowed the PMGI to dissolve normally in the NMP. As a final step, a light mechanical
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swabbing action with foam tipped cleanroom swabs helped to provide an extremely smooth
break at the edge of the dielectric films deposited over the liftoff structure.

Figure 6-7: SEM cross section of hollow-core ARROW with integrated filter layers. Scale bar represents 5
microns. Notable features are the sputtered, thin broadband layers beneath the liquid core and a very thick
silicon nitride filtering layer (dark) between two thick silicon dioxide layers (lighter).

An SEM image diagramming a cross section of the fabricated structure is shown in
Figure 6-7. The cross section was taken through the hollow-core, which has been removed. The
selectively patterned broadband layers appear immediately beneath the core.

The thicker,

filtering layers are placed beneath the broadband layers.

6.2.1

Spectral Response Characterization
A white light source and detection setup, similar to the one diagrammed in Figure 6-8, is

used to characterize the spectral response of an ARROW waveguide designed to filter a narrow
band of wavelengths. Laser pulses (120fs, 75 MHz) at 850 nm (Coherent MIRA) are coupled via
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an optical isolator (OI) and an objective lens (O1) into a nonlinear photonic crystal fiber (PCF,
790 nm zero dispersion wavelength, 1 m long). As the high intensity laser pulses propagate
through the PCF near the zero dispersion wavelength, a combination of various effects including
self-phase modulation, cross-phase modulation, Raman scattering, etc. disperse the pulses and
produce a broad continuum of wavelengths in the visible and near-IR ranges [89, 91]. The white
light is then coupled into a single mode fiber (SMF) and coupled into the ARROW chip to be
analyzed. The transmitted light is collected by an objective (O2) and sampled in an optical
spectrum analyzer (OSA) to determine the spectral response.

Figure 6-8: ARROW filter characterization setup. Femtosecond laser pulses are objectively coupled into a
nonlinear PCF which is butt-coupled to a single-mode fiber. SMF output is edge coupled to the ARROW
device under test (DUT). The resulting spectrum is collected by an objective lens and measured using an
optical spectrum analyzer.

For initial testing of our filter designs, ARROW chips consisting of only solid-core
(SiO2) rib waveguides were created. Core dimensions were 12 m wide and 4 m high with a
rib etch depth of 2 m. Each wafer had a collection of waveguides clad with broadband plus
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filtering ARROW layers (Figure 6-9a) and waveguides clad in only filtering ARROW layers
(Figure 6-9b). Loss coefficients for waveguides of both types were found using the cutback
method (Section 3.4.2). Transmission over an 18 mm long section of solid-core filter ARROW
showed a rejection of 22 dB with 1.4 nm linewidth. The broadband section loss coefficient was
calculated to be B ~0.85 cm-1 (=600 – 624 nm) and the filter section loss at the notch center
wavelength was F (612.7 nm) ~2.6 cm-1. A slight blue shift compared to the design wavelength
of 633 nm is caused by slight undergrowth in the resonant layer film thickness.

This

undergrowth was identified as a fabrication tolerance in the preliminary test structures and
monitored closely in later devices.

Figure 6-9: Measurements of solid-core filters a) broadband layer structure and response, b) filter layer
structure and response.

In addition to characterizing the spectral response of the individual layer designs, the
waveguide coupling efficiency between a broadband waveguide and filtering waveguide across a
liftoff transition region was simulated and verified. For this experiment, waveguides containing
a transition from broadband to filter sections were fabricated and the point of the lift-off
boundary was assigned some coupling efficiency to be characterized, noted by T in Figure
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6-10a.

While an abrupt transition from broadband to filter sections is diagrammed,

measurements using SEM show the broadband layers tapered in thickness from full designed
thicknesses down to no thickness over a length of ~10 – 20 m. The coupling efficiency over
this transition was then experimentally deduced from power throughput measurements after
taking into account the loss in the broadband and filter sections. The measured T of 58% is in
excellent agreement with the simulated T of 58.4% (FIMMWAVE, ©Photon Design) over a
gradual 10 – 20 µm long transition between these two waveguide sections.

Figure 6-10: Lift-off transition of thin films a) diagram representing films deposited by PECVD or sputtering
processes, b) SEM image of liftoff profile created by sputter deposition. The thicker, selectively deposited
region is noted on the left.

With the solid-core filter and broadband waveguides completely characterized, fully
functional ARROW platforms, including liquid-core waveguide regions were then fabricated
using the lift-off method described in Section 6.2. The thin-film cross-sections and spectral
response are diagrammed in Figure 6-11.

The liquid-core waveguide length (Llc) is

lithographically defined to be 4 mm in length. The solid-core filtering waveguides (Lsc) can vary
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in length depending on the level of rejection desired and are generally 2 – 5 mm long. Within
the filtering section, the solid-core rib waveguide dimensions are 12 m wide by ~5 m high.

Figure 6-11: Optical test of ARROW chip a) liquid-core broadband section (Llc) and selectively defined filter
regions in solid-core collection waveguides (Lsc). Waveguide coupling locations from broadband to filter (T)
and liquid-core ARROW to solid-core ARROWs (i) b) simulated (red) and resulting (black) spectrum
transmission across entire chip.

Transmission across the chip (~1 cm on a side) was measured using the test setup shown
previously in Figure 6-8. The coupling efficiency across the transition between solid-core
broadband waveguide and solid-core filtering waveguide sections (T) as well as edge and solidto hollow-core coupling efficiencies (e1,e2,i) reduced the overall transmission of the white
light by approximately -20 dB. However, in an application focused on fluorescence or Raman
signal collection, the output signal would only have to pass through half the liquid core
waveguide and a single solid-core filtering waveguide to the photo detector to be detected.
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In integrated optics, the length of filtering waveguides is a large consideration in platform
design and implementation. The BYU IML fabricated filters produced a rejection of ~20 dB
with linewidths as low as 20 nm using a length of approximately 9 mm of integrated solid-core
filtering ARROW. At ~2 dB/mm rejection, BYU ARROW waveguides are comparable to recent
inexpensive integrated filters obtaining ~1 dB/mm rejection using long period grating
technologies [92, 93], but the ARROW is capable of a larger free spectral range.

6.3

Fluidicially Tunable Filters

Table 6-1: Results of Lift-off Integrated Filters in Solid-Core ARROWs
Wafer #
I1
I2
I3
I4
I5
I6
I7
I8
I9

Target N2
Thickness
463 nm
463 nm
463 nm
463 nm
463 nm
463 nm
463 nm
463 nm
463 nm

Notch Center
Wavelength
633 nm
578 nm
680 nm
625 nm
647 nm
750 nm
650 nm

Actual N2
Thickness
439 nm
400 nm
475 nm
435 nm
450 nm
527 nm
453 nm

Deviation (nm)

Deviation (%)

0
-63
+12
-28
-13
+64
-10

0
-14
+2.6
-6
-2.8
+14
-2.2

While exploring the solid-core integrated notch filter from the previous section, a series
of wafers were fabricated in the BYU IML. The cladding layer design for that filter called for
the second nitride layer (N2) to be a resonant multiple of 4x the antiresonant thickness. For a
solid-core waveguide of nc=1.465 and desired notch center wavelength (o) of 633 nm, this
resulted in a target N2 thickness of approximately 463 nm.

At this resonant thickness,

simulations reported that the shift of the notch filter center wavelength (o) was on the order of
the thickness variation (t) of the N2 filtering layer. With a common tolerance of ±10%
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thickness variation for BYU IML produced PECVD layers, the notch filter center wavelength
can deviate by as much as 40 nm towards red (overgrown thickness) or blue (undergrown
thickness) wavelengths.
Of the nine BYU IML fabricated wafers employing the solid-core filter design,
measurable results were obtained from seven and recorded in Table 6-1. The standard deviation
of the center wavelength over the set of wafers (o=633 nm) was found to be 30.5 nm.
Therefore, the main disadvantage of a filter integrated into the solid-core portion of the
ARROW, such as those presented previously, is a strong reliance on tight fabrication tolerances
in the dielectric layer depositions. Specifically, the filtering layer must meet a very precise
resonant Fabry-Perot condition, and once that resonant layer has been fabricated, it cannot be
adjusted.
To resolve this problem, the filtering mechanism can be moved to a more dynamic
portion of the ARROW, namely the hollow-core. Once the device is fabricated and initially
characterized, the index of refraction of the liquid core material can be slightly altered to account
for thickness variations within the resonant filtering layer(s). This tuning ability allows for the
creation of a more robust device within the fabrication tolerances of BYU IML thin film
deposition equipment.

6.3.1

FRET Sputtered Filters
A common biosensing experiment for which liquid-core tunable filter ARROWs are

well-suited is known as fluorescence resonance energy transfer (FRET) [94]. FRET is an
exchange of energy between two molecules that is extremely sensitive to small distance changes.
In a FRET pair, excited donor molecules emit nonradiative energy, referred to as a virtual
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photon, which are then received by an acceptor molecule. This virtual photon excites the
acceptor molecule, which emits an observable fluorescence signal. Because of the extreme
distance sensitivity between the FRET pair molecules (on the order of ~1 – 10 nm), FRET pairs
are commonly used to study dynamics of biomolecules (DNA), microenvironmental imaging, or
cell functions.

Figure 6-12: Diagram of FRET pair operation, with corresponding measured FRET interaction. Radiation
counts are measured with dual APDs individually filtered to measure donor radiation (red shading) and
acceptor radiation (green shading). a) Molecule separation distance is much greater than the Förster distance
and very little FRET occurs, b) distance is less than the Förster distance and much of the donor energy is
transferred to the acceptor through nonradiative means.

A useful integrated FRET filter has strong rejection at the donor molecule excitation
wavelength (ex) while passing bands of photons near the donor emission wavelength (d) and
the acceptor emission wavelength (a). By virtue of being a FRET pair, the acceptor excitation
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wavelength is close to the donor emission wavelength and does not need to be independently
considered in the design.
The FRET filtering interference effect is slightly more complex than simply adding a
single resonant layer, such as was used in the solid-core notch filter [89, 90]. High transmission
of two particular wavelengths (d and a) for observation is desirable, therefore the layer design
must be antiresonant to both of those wavelengths. Additionally, the design must be resonant to
the donor pump wavelength (ex) in order to filter out the high-power excitation signal. These
three conditions can be satisfied by slightly constraining equation 2.6 yielding
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In the previous equations, the thickness of the ith cladding layer (ti), the index of the ith cladding
layer (ni), and the index of the core material (nc) are the same across all three conditions. ex, d,
and a are the design excitation, donor, and acceptor wavelengths, respectively. It is fairly
difficult to obtain a triplet set of perfect integer values for Mex, Md, and Ma, so at this point it is
helpful to remember that there is a finite fabrication tolerance in ti. With that in mind, it only
becomes necessary to get a triplet that is “good enough” for the fabrication method to be used
and specify the variation in ti as the minimum fabrication tolerance. One such triplet (Mex=10,
Md=9, Ma=11) was explored with a target FRET pair of Alexa 546 (peak absorption/emission:
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556/573 nm) and Alex 647 (peak absorption/emission: 650/668 nm). Figure 6-13 shows the
calculated loss and transmission spectrum of an ARROW with a 4 mm long liquid-core
integrated filter used for FRET analysis.

Figure 6-13: FRET ARROW filter theoretical spectrum a) loss with ex=532 nm, a=573 nm (acceptor, red
band), d=668 nm (donor, green band) wavelengths noted and b) transmittance.

The complexity of the FRET filter design spectrum necessitates a layer thickness
fabrication tolerance of <5%. This variance is unachievable using the equipment in the BYU
IML, where layer thickness tolerances are on the order of 10 – 15%. For further investigation of
the FRET liquid core filter, the bottom layers are commercially sputtered using highly accurate
monitored-growth deposition equipment. With the bottom filtering layers deposited, the wafers
are returned to the BYU IML for the remaining fabrication steps.
The standard hollow-core dimension used in BYU IML ARROW waveguides since
approximately 2007 has been 12 m wide by 5 m high rectangular profile. These dimensions
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were chosen to provide optimal device yields and low loss propagation of the fundamental mode
due to a reduction in sidewall interactions. However, in the liquid-core tunable filter designs, the
liquid-core height is lowered to 4 m. This reduction of the core height increases the mode
interaction with the sidewalls which increases the propagation loss over the entire band of
wavelengths, but it also dramatically increases the notch rejection and Q-factor of the filter.
With the core in place, the top layers are deposited using BYU IML PECVD processing.
The design thicknesses of these top layers are chosen to be the minimum antiresonant thickness
(minimum odd-integer solution to equation 2.6, N=0), and are compatible with BYU IML
PECVD thickness tolerances. Because these top layers also serve as the solid-core bottom
cladding layers, they provide broadband light propagation in the solid-core waveguides and carry
the excitation signals to the liquid-core with maximum efficiency.
The liquid-core tunable response of this device also allowed it to be used for a wider
range of FRET dyes, due to the variable control the operator has over the stop band locations.
Figure 6-14 shows the calculated and measured transmission spectrum of the FRET ARROW for
various core materials. The simulated curves were fit to the measured spectrums by varying the
design thicknesses slightly, and it was found that the actual layer thicknesses were within 1.5%
of the stated design. Also, by varying the core index from 1.33 to 1.43, the spectrum showed a
tuning range (towards blue) of 32 nm and 40 nm. This would be helpful in instances where more
rejection of the pump signal might be achieved by slightly altering the core index. As well, this
completed device, which was designed for a specific set of FRET dyes, had a tuning range which
could allow it to later be used with other FRET dyes, such as Alexa 514 (ex=514 nm).
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Figure 6-14: FRET ARROW calculated (thin line) and measured (thick line) transmission spectrum for a)
ethylene glycol core (nc=1.43) and b) water core (nc=1.33) materials.

According to Figure 6-14, the fabricated FRET integrated filter ARROWs achieved a
measured extinction of ~30 dB (ex/d,a). When used in a FRET detection setup with separate
APDs for monitoring the donor and acceptor bands simultaneously, the FRET ARROWs showed
an SNR improvement of 8.6x over a standard, broadband ARROW device using off-chip
filtering. The devices had a limit of detection of ~100 nM concentration, caused by excessive
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background photon counts created by the use of silicon nitride as a waveguide cladding material.
Furthermore additional discrete filtering had to be used to achieve >40 dB extinction necessary
for FRET detection. Increasing the liquid-core length beyond the 4 mm standard would increase
the extinction, and remove the need for additional off-chip filtering.

6.3.2

Liquid-Core Notch Filters
The design process used in the FRET liquid-core filters created an entire set of bottom

layers at thicknesses which would filter or pass the specific FRET wavelengths. This effect
created a series of passbands and stopbands in the calculated and measured spectrums. The next
type of tunable liquid-core filters attempted to create a single notch filter more suited for
fluorescence or SERS experimentation, similar to the notch found in the solid-core integrated
liftoff filters.
The notch of this filter is created using the same resonance effect mentioned in section
6.1, namely, a single resonant layer buried within the bottom cladding layers. In addition to the
previously stated benefits of filtering in the liquid-core waveguide, there is also no need for
selective deposition methods, as the hollow-core top layers are designed as broadband guiding
layers for hollow-core lateral confinement as well as solid-core waveguide bottom cladding
layers.
The layer thicknesses used for this design are detailed in Table 6-2. Figure 6-15 shows
the calculated liquid-core loss coefficient for a varying core index of refraction from a water core
(nc= 1.33, 0= 719 nm) to an ethylene glycol core (nc= 1.43, 0= 617 nm). The tunable response
of this notch filter is calculated to be 102 nm, which is sufficient to compensate for a ~±11%
thickness variation in the N2 filtering layer.
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Table 6-2: LC Tunable Notch Filter Layer Thicknesses
Layer
Thickness
(nm)

O1

N1

O2

N2

O3

N3

Core

N4

O4

N5

O5

N6

O6

296

115

296

230

296

115

4000

128

368

128

368

128

1688

Figure 6-15: Liquid-core loss coefficient for a hollow-core waveguide designed as a notch filter which can be
tuned by varying the core index from 1.33 to 1.43.

As mentioned in section 6.3.1, the core height of a liquid-core filter can be reduced in
order to increase mode interaction with the cladding layers and enhance the extinction of the
filter. The device design used in the exploration of the liquid-core tunable filter also took
advantage of this phenomenon. Figure 6-16 shows a MATLAB simulation of the core loss in
dB/mm for the tunable filter design with a varying core height. Decreasing the core height
without adjusting the resonant filter layer thickness causes a red shift of the notch wavelength
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due to a core dimension dependency found in equation 2.5. For a given core height target, the
resonant filter layer thickness could be optimized to maintain the desired center wavelength.

Figure 6-16: Liquid-core filter rejection for a hollow-core waveguide notch filter with a core index of 1.33.
The filter rejection can vary quite dramatically as core height is varied.

The tunable filter design was used in a novel ARROW configuration for future sensing
experimentation. This new design is referred to amongst the research group as the “z-mask”,
diagrammed in Figure 6-17. The name bears reference to the diagonal liquid-core arms used in
the analyte ARROW portion, which is a departure from the orthogonal arm convention used in
the majority of ARROW platforms to date. These diagonal arms allow the device to have an
extremely short liquid-core in the lateral direction (only 300 m long) which increases device
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sensitivity due to the lower waveguide losses found in solid-core ARROWs, as opposed to a
lengthy liquid-core ARROW.

Figure 6-17: Z-mask ARROW device. a) On left, an analyte ARROW portion optimized for high signal
transmission, on right, an integrated tunable liquid-core filter ARROW for noise removal prior to objective
lens, b) fabricated device.

The complete sensor device has two separate liquid-core waveguides. The first, labeled
“Analyte ARROW” on the left side in Figure 6-17, is used to flow specific analytes into the
sensing region. The sensing region consists of a short section of liquid-core waveguide oriented
in the z direction as well as a perpendicular solid-core waveguide for delivery of excitation
signal from an off-chip laser source. The fluorescence or Raman signal to be detected is coupled
into the liquid-core waveguide mode and propagates laterally through a solid-core waveguide.
The solid-core waveguide carries the fluorescent signal as well as scattered excitation signal to
the second liquid-core waveguide, labeled “Liquid-Core Filter ARROW”. This independent
liquid-core is much longer and can discriminate the scattered excitation light while passing the
fluorescent, or Raman signal, onto an objective lens which couples to an optical detector.
The fabrication of these devices was carried about using an optimized piranha mixture for
sacrificial core removal [95], which allows for the creation of liquid-core waveguide filter
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lengths upwards of 8 mm in length within reasonable time frames. However, during fabrication,
it was found that the piranha had an etching effect on the low-density PECVD SiN cladding
layers immediately surrounding the waveguide core. To characterize this etching process, single
films of PECVD SiN were placed into piranha etchant at 100°C for a total duration of 2 weeks.
Sample roughness and thickness were measured using atomic force microscopy (AFM) and
ellipsometry, respectively. The results of these measurements are shown in Figure 6-18.

Figure 6-18: Reactivity of optimized piranha with low-density PECVD SiN films over a period of two weeks.
a) Film roughness and b) thickness etched.

From the recorded data, the piranha etchant appears to slowly react with the films over a
period of 5 days, before it begins to remove and roughen the SiN cladding layer. This roughness
increases the loss of the liquid-core waveguides and drastically affects the analyte waveguide of
the ARROW where the sacrificial core is removed much sooner than the filter waveguide of the
ARROW. With the sacrificial core removed, the SiN cladding layer is unprotected from the
optimized piranha etchant.
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This etching process can be mitigated by depositing a thin SiO2 cladding layer
immediately surrounding the sacrificial core. As can be seen in Figure 6-19, provided the SiO2
layer is less than ~50 nm in thickness, it will have negligible effect on the liquid-core waveguide
response. The optimized piranha etchant shows no measureable etching of the PECVD SiO2
films over a similar 2 week experiment, and the inclusion of this protective layer allows for
much lengthier liquid-core filter sections to be fabricated while shielding the much shorter
analyte ARROW.

Figure 6-19: Calculated liquid-core waveguide loss coefficient for the design layer thicknesses (dashed) and
with a 50 nm SiO2 cladding layer immediately surrounding all four sides (solid).

The spectral response of the liquid-core tunable filter design was measured with the same
white-light setup which was previously used to characterize the solid-core liftoff filters (Section
6.2.1). The measured and simulated spectral responses of a z-mask device with a 4 mm long
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filter ARROW are shown in Figure 6-20. The calculated curve which fits the measured data was
obtained by assuming a filter layer thickness of 220 nm, which is a deviation from the design
thickness by 4.3%. The linewidth broadening results from a filter layer thickness deviation along
the length of the filter waveguide of 4 nm, or 1.8% of the design thickness.

Figure 6-20: Spectral response of 4 mm liquid-core ARROW notch filter (solid) with calculated fit curve
(dashed).

Measurements from a device with a 4 mm long filter waveguide show a rejection of
~33.3 dB at 700 nm compared with a passband of 580 nm – 650 nm for a water-core integrated
ARROW filter and a linewidth of 10 nm. At 8.3 dB/mm, these filters show a 4.2x improvement
in rejection and a 2.0x reduction in linewidth over solid-core ARROW filters. The free spectral
range of this new design is 130 nm, which is an 1.9x improvement over previous liquid-core
FRET filters.

An approximate 10 dB nominal reduction in overall transmission is due to
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waveguide coupling efficiencies at the chip edges and between the solid- and liquid-core
waveguides.
Additional measured spectral responses of devices with 5 mm and 6 mm filter waveguide
lengths are shown in Table 6-3. Passband transmissions were comparable to the 4 mm sample,
owing to the low-loss broadband transmission of the filter waveguide. Linewidths and notch
locations which are determined by fabrication accuracy also showed excellent agreement across
the sample set. These longer liquid-core notch filters both showed a peak rejection greater than
40 dB and thus are comparable to discrete emission filter extinctions. The longer filter lengths
provide a greater rejection than previous liquid-core FRET filters that utilized only 2 mm long
filter regions.

Table 6-3: LC Tunable Notch Filter Characteristics for Varying Length Filter Sections
Sample Filter
Length (mm)

Transmission @
=633 nm (dB)

Peak Rejection
Wavelength (nm)

Rejection
Linewidth (nm)

Peak
Rejection (dB)

4
5
6

-15.34
-14.86
-14.82

700
703
708

10
13
15

33.3
>40
>40

The liquid-core notch filter exhibits increased rejection, smaller linewidths, and larger
free spectral range not found in previous solid-core or liquid-core ARROW filters.

The

presented design increases the interaction length when compared to previous liquid-core filters.
The separation of the analyte and filter waveguide channels allows for fully independent
operation and further improvements. For example, with a resonant layer thickness of 220 nm,
simulations suggest the notch center wavelength, for example, could be adjusted continuously
from 700 nm to 595 nm by replacing the water core with an ethylene glycol mixture,
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respectively. This tunable response will provide a significant fabrication advancement over
similar notch filters in air-core [96] and solid-core waveguides, which suffer from tightly
constrained fabrication tolerances.

Further reduction of the nonexcitation noise could be

accomplished by replacing the highly photoluminescent silicon nitride cladding layers with
Ta2O5 [58] as well as various other device enhancements [52] to produce a capable and robust
biosensor platform

6.4

ARROW Filtering Conclusions
Filtering technology similar to that presented in this dissertation is currently being

explored in the realm of telecom wavelengths and high power optical modes in the form of aircore ARROWs [96], but the proposed devices also suffer from tight fabrication tolerances in
addition to a lack of tunable response.

A tunable air-core antiresonant reflecting hollow

waveguide (ARRHW) was demonstrated to operate in the terahertz regime by placing metal
plates at a near-resonant spacing from the antiresonant dielectric cladding of the hollow
waveguide [97]. The spacing of the metal plates is then actuated by translational stages to
provide the tuning mechanism. Currently, this setup does not lend itself well to microfabrication
but could possibly be implemented into our ARROWs using common MEMS piezoelectric
actuation.
Linewidth broadening is also a negative effect present in realized ARROW-based filters.
This phenomenon results from a nonuniform resonant filter layer along the length of the filter
waveguide. High rejection filters reduce linewidth broadening without increasing fabrication
tolerances and cost due to their ability to sufficiently reject the excitation noise over a shorter
length of filter waveguide. For this reason as well as others, the liquid-core ARROW filters
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present an extremely useful device due to considerably increased rejection over solid-core
ARROW filters.
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7

7.1

CONCLUSIONS

Summary
This dissertation discusses how previously unrealized components have been integrated

onto the BYU ARROW device. During the past 5 years on the ARROW project, I have
experimented with various materials available in the BYU IML and examined the design
procedure to create a more complete optofluidic platform. During this time, I have invented a
robust method for thin film liftoff applicable to the ARROWs project. This liftoff method has
freed the ARROWs project from various planar fabrication constraints as well as provided the
means for localized, on-chip optical filtering. This filtering will be a necessary step as the
ARROW continues its path of becoming a completely on-chip spectroscopic analysis platform.
I have also characterized the BYU IML abilities with regards to spectral filtering and
found that BYU solid-core waveguides can effectively filter, but would still rely on discrete offchip components to achieve a reasonable signal to noise ratio. Upon this discovery, I proposed a
layer design change and invented a device which can provide integrated optical filtering within
the liquid-core waveguide. The liquid-core notch filtering mechanism provides a reasonable
integrated replacement to discrete off-chip filtering. As well, the liquid-core notch filtering is
within BYU IML fabrication tolerances due to the ability to tune the liquid-core material.
Furthermore, the advent of the selective deposition processing presented here allowed me
to create a device with significantly increased solid- to hollow-core throughputs as well as low-
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loss hollow-core propagation. This increased throughput is most noticeable on ARROW devices
of 2 – 7 mm of liquid-core waveguide lengths.
Additionally, during my research, I was able to increase the utility of the ARROW by
creating the first devices capable of on-chip sorting of microparticles and electrically controlling
the passage of sample through nanopores previously incorporated into ARROWs. The particle
sorting mechanism relies on force differences between optical scattering forces and fluidic drag
forces to achieve very high sorting resolutions based on particle sizes.

These sample

manipulation control mechanisms are a necessary feature of a mature optofluidic platform.

7.2

Future Work
The research findings of the BYU ARROWs group, including those found in this

dissertation, can be combined with many compatible microfluidics technologies recently under
investigation to provide for an even more advanced BYU ARROW. This ARROW device of the
future could implement an arrayed excitation waveguide for signal analysis; through-wafer
etching for viable, nonwaveguide fluidic manipulation; and on-chip sources and detectors.

7.2.1

Arrayed Waveguide Signal Analysis
A technique which could readily increase the sensitivity of an ARROW based biosensor

would be to create an arrayed waveguide structure for excitation of the analyte and apply signal
processing to the overall detected signal. A device based on this technique is diagrammed in
Figure 7-1. Electroosmotic flow drives the analyte at a constant flow velocity past a periodic
series of intersecting solid-core ARROWs. Excitation signal is coupled equally into each of the
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intersecting solid-core ARROWs [98] such that the analyte gives off fluorescent signal as it
passes each waveguide in the excitation array.

Figure 7-1: Arrayed waveguides ARROW for increased sensitivity

Provided the analyte flow velocity through the excitation array is constant, the overall
fluorescent signal will be a series of delayed fluorescent signals, shown in Figure 7-2a.
Assuming the collected PL noise can be characterized as a “white noise”, where it exhibits
contains no autocorrelation, a signal processing algorithm applied to the noisy, detected output
would remove the noise and sum the delayed fluorescent contributions. The sensitivity of the
device would increase as the number of intersecting solid-core waveguides increases and
consistency of the flow velocity increases.
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Figure 7-2: Signal processing of detected signal a) delayed fluorescent signals of analyte, b) detected signal
after low pass filter including white noise created by PL, c) signal processing applied to remove noise and add
individual contributions from arrayed waveguide

7.2.2

Through Wafer Etching
As the ARROW increases in complexity and compactness, it will soon be necessary to

remove the bulk reservoirs currently in use.

These reservoirs are small metal tubes with

diameters of approximately 2-3 mm. They are attached to the ARROW device using crystal wax
or epoxy. Currently, the ARROW has lengthy hollow-core arms to allow researchers space to
attach these reservoirs without interfering with the device waveguides. A common issue facing
researchers is bulk wax or epoxy coming in contact with the ARROW waveguides and
increasing the waveguide loss or damaging the waveguides.
One common method of sample manipulation in microfluidics uses molded
polydimethylsiloxane (PDMS). These structures consist of reservoirs and microtubes molded
into a polymer structure which is then bonded to the device substrate. However, the use of
PDMS molds as a direct replacement for the bulk reservoirs has proven problematic. The
nonplanar topography presented by the ARROW chip in the form of the ridge and hollow-core
waveguides causes leaks to form between the PDMS and the substrate. Additionally, the PDMS
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often contacts the ARROW cladding layers near the waveguides, removing the beneficial air
termination and negatively affecting the loss of the optical mode.

Figure 7-3: Through-wafer via process adapted for ARROW fabrication methods.

PDMS would be a viable reservoir and fluidic channel replacement structure if the BYU
IML ARROW process were to employ through-wafer via etching. Using a process diagrammed
in Figure 7-3, vias through the silicon substrate would connect the sample manipulation layer
(using common microfluidic structures) on one side of the wafer with the optofluidic layer found
on the other side. By removing the bulk reservoirs from the optical side of the chip, the BYU
ARROW would be free to decrease in size and increase in complexity while increasing the
ARROWs ease of use as a sensor platform.
The through-wafer etching process could employ the usage of a wet or dry etch process.
A possible wet-etchant process would use a combination of ProTEK B3 and ProTEK PSB
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(Brewer Science) masking materials. B3 is a nonphotosensitive masking material which would
completely protect the optical side of the wafer from the potassium hydroxide (KOH) bath. PSB
is a photosensitive masking material and would be patterned into square vias for through-wafer
interconnects of the fluidic channels (Figure 7-3b). Both resists are specifically designed to
withstand lengthy (5-8 hours) etches in heated KOH. A dry etch process would make use of a
deep RIE process to accomplish a similar effect.

7.2.3

Optimal Device
While the devices and methods presented in this dissertation have led to increasingly

capable and sensitive devices, there is still a significant amount of work to be accomplished to
create a true lab-on-a-chip biosensor based in ARROW technology. Integrated optical filters,
such as those presented in this dissertation, can pave the way for the inclusion of semiconductor
based photodetectors. Due to the integrated nature of the ARROW platform, active electronic
filtering could be implemented in CMOS transistors placed in the same silicon substrate used for
the optofluidic chip. Active optical sources, such as light emitting diodes or a tunable gas/dye
laser could readily be implemented as well.
A diagram of a potential device with integrated optical source and detector is
diagrammed in Figure 7-4. The white squares represent through-wafer vias which connect the
optical side of the chip to a fluid/gas handling layer on the opposite side. The active excitation
source of the device is a hollow-core ARROW serving as a dye or gas laser cavity (1). Output
from this source is coupled into a set of arrayed waveguide structures (2), and two experiments
could be run simultaneously by flowing analyte through one of two analyte hollow cores (3a,
3b). Fluorescence signal from each device is coupled into a liquid-core tunable notch filter (4)
and the remaining power is detected by on-chip optoelectronic detectors (5a, 5b). The electrical
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output signal is then passed to on-chip signal processing circuitry (6) for filtering and correlation
of the received signal.

Figure 7-4: Fully integrated fluorescence detection lab-on-a-chip device based on ARROW technology
consisting of solid-core waveguides (orange), liquid-core waveguides (green, blue, light blue), and electronic
signal processing (grey).

The optical source in the optimal ARROW-based device would be made from a dye or
gas laser. A dye laser would likely be more practical as the increased core index would reduce
the liquid-core waveguide loss coefficient and require less pump power for the gain necessary for
an ARROW-based laser, and would exhibit a tunable spectral response. Dye lasers compatible
with microfabrication and microfluidics are quickly gaining widespread interest [99, 100].
Through wafer vias could connect the liquid-core dye waveguide to a fluidic handling layer.
This fluidic handling layer would continually replenish the dye and mitigate the photobleaching
the cavity dye.
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For our ARROW-based dye laser, the reflective surfaces at the end of the laser
waveguide would form a FP cavity with output in potentially two directions. In order to
maximize usage of the laser output, the optimal device would have two sensing regions where
independent samples could be analyzed. The threshold gain required for laser operation is given
by

g th  

1
ln( R )  
L

(7.1)

where L is the cavity length, R is the reflectivity of each surface at the end of the cavity, and  is
absorption and scattering losses within the cavity. In the case of our liquid-core ARROWs,  is
the liquid-core waveguide loss coefficient. Assuming our standard VB3 ARROW platform
where R is ~35%, liquid-core length (L) is 1 – 6 mm, and lc is 2 – 5 cm-1, threshold gains
required of the gain medium would be 3.8 – 15.5 cm-1. This is an easily achievable value in the
realm of dye lasers, where gains often are as high as 103 cm-1 [101]. The laser inversion could
feasibly be supplied by adapting the ARROW fabrication to III-V substrate material and
integrating an LED immediately beneath the liquid-core of the laser ARROW.
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APPENDIX A.

PUBLICATIONS AND PRESENTATIONS

The following are lists of scholarly documentation of advancements in the ARROW
project that have been made during my time with the project. The first section lists peerreviewed journal publications. The second section lists academic conference presentations.
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APPENDIX B.

ARROW FABRICATION PROCEDURES

A variety of common IML processes are employed in the fabrication of the ARROW.
The general reasons and trends behind the process steps have been discussed in detail in Chapter
2. This appendix holds recipe and process settings used with much success and high fabrication
yields at the time of this dissertation. It is expected that adjustments to these settings will be
made as ARROW fabrication is further refined.

B.1 Lithography Recipes
Lithography recipes are mainly made up of photoresist/polymer processing steps. All
spins for the ARROW lithographic processes occur on the Laurell spinners.

The IML

convention for the spinners is polyimides, polymers, and SU-8 are to be spun on the Laurell
spinner on the metal table by the Hawkins’ group hotplate. All other photoresists which can
easily dissolve in acetone are spun on the Laurell spinner positioned inside the lithography wet
bench. A spinner recipe includes a spin speed, acceleration rate, and a time for each step.
The exposure step consists of an alignment of a photolithographic mask to the substrate
and/or a preceding lithographic process and a precise application of UV energy to activate the
photoresist. All exposures for the ARROW project take place on the Karl Suss MA-150 aligner
on the south wall of the lithography area. This aligner should be set to a 10.0 mW/cm2 constant
intensity exposure dose and 10 seconds of hard contact, where the wafer is brought into
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pressurized contact with the photolithographic mask. These recipes assume no <350 nm filter is
used in the MA-150.

B.1.1

Chrome Electrical Isolation Recipe
A chrome layer is defined in regions unprotected by the core expose mask. This stops the

core expose process from reaching the silicon substrate leaving the bottom ARROW layers to
electrical isolate the reservoirs. This isolation allows a potential difference to be applied to the
reservoirs to produce electroosmotic flow through the liquid-core. This lithography alignment is
usually the first mask processed, and as such should be aligned to the major flat of the wafer
using the horizontal lines at the bottom of the masks.













Dehydration Bake
o Place substrate with bottom layers in clean oven for 10 min @ 150°C
Chrome deposition
o Place substrate on rotating stages affixed in the rotating planetary of the ebeam evaporator
o Deposit a 100 – 120 nm thick chrome layer at 3 – 5 angstroms / second
Spin AZ 3330
o 4000 rpm @ 2750 rpm/min for 60 seconds
Softbake
o 90°C for 60 seconds
Expose
o 8 seconds
Develop
o Immerse in AZ 300 MIF developer and agitate for 60 seconds
Rinse with DI water and blow dry
Place in ARROW Group Cr Etchant dish at the acid bench for 2 – 5 minutes until
chrome has cleared from exposed regions
Rinse wafer with DI water to remove chrome etchant
Remove remaining photoresist with acetone spray and light swabbing with foam
swabs
O2 Descum/Ash
o PE2 with O2 flowing
o 100 W for 60 seconds
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B.1.2

Core SU-8 Recipe
The SU-8 sacrificial core recipe consists of an SU-8 spin and subsequent pattern. The

alignment is usually against the underlying chrome pre-core pattern.










B.1.3

Dehydration Bake
o Place substrate in clean oven for 10 min @ 150°C
Spin SU-8 10
o 500 rpm @ 516 rpm/min acceleration for 6 seconds
o For 5 m core height: 4300 – 4600 rpm @ 1290 rpm/min acceleration for
60 seconds
o For 4 m core height: 6100 rpm @ 1290 rpm/min acceleration for 60
seconds
o 6000 rpm @ 6020 rpm/min acceleration for 2 seconds
Softbake
o 65°C for 10 minutes
o Ramp to 95°C for 10 minutes
Expose
o For 5 m core height: 14 seconds
o For 4 m core height: 7 seconds
Hardbake
o 65°C for 10 minutes
o Ramp to 95°C for 10 minutes
Develop
o Immerse in SU-8 developer and agitate for 60 – 120 seconds
o Rinse with IPA, leave wet, then continue rinsing with DI water from
cleanroom faucet
o Blow dry with N2 gun
O2 Descum/Ash
o PE2 with O2 flowing
o 50 W for 90 seconds

Ridge SU-8 Recipe
The SU-8 sacrificial core recipe consists of an SU-8 spin and subsequent pattern. The

alignment is usually against the underlying sacrificial core SU-8 layer.



Dehydration Bake
o Place substrate in clean oven for 10 min @ 150°C
Spin SU-8 3005
o 1000 rpm @ 1024 rpm/min acceleration for 60 seconds
o 6000 rpm @ 6020 rpm/min acceleration for 1 seconds
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B.1.4

Softbake
o 65°C for 5 minutes
o Ramp to 95°C for 5 minutes
Expose
o 27 seconds
Hardbake
o 65°C for 5 minutes
o Ramp to 95°C for 5 minutes
Develop
o Immerse in SU-8 developer and agitate for 2 – 3 minutes.
o Rinse with IPA, leave wet, then continue rinsing with DI water from
cleanroom faucet
o Blow dry with N2 gun
O2 Descum/Ash
o PE2 with O2 flowing
o 100 W for 60 seconds

Core Expose Recipe
The core expose recipe uses AZ P4620 photoresist to eliminate stress problems

encountered from large features of SU-8. To achieve the appropriate thickness, two consecutive
spins are required before exposure/development. A reflow/hardbake is required to harden the
mask for the subsequent dry etch which will be performed. Because there are multiple spins
involved, the process requires great care in the baking steps to avoid catastrophic bubbling of the
photoresist, and the hardbake should only be performed on the Hawkins’ group hotplate between
the Solitec spinner and the KOH hot bath. The alignment is usually to the underlying SU-8 core
layer.






Dehydration Bake
o Place substrate in clean oven for 10 min @ 150°C
Spin AZ P4620
o 300 rpm @ 110 rpm/min acceleration for 3 seconds
o 1800 rpm @ 1210 rpm/min acceleration for 20 seconds
o 1600 rpm @ 1870 rpm/min acceleration for 120 seconds
Softbake
o 70°C for 2 minutes
o 90°C for 3 minutes
Spin AZ P4620
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B.1.5

o 300 rpm @ 110 rpm/min acceleration for 3 seconds
o 1800 rpm @ 1210 rpm/min acceleration for 20 seconds
o 1600 rpm @ 1870 rpm/min acceleration for 120 seconds
Softbake
o 100°C for 5 minutes
Relaxation
o Place in wafer box at room temperature for 45 – 60 minutes
Expose
o 45 seconds
Develop
o Immerse in AZ 400K developer (diluted 1:3 – 1:4 with DI water) and
agitate for 4-6 minutes
Hardbake
o 65°C for 5 minutes
o Ramp to 105°C for 30 minutes
O2 Descum/Ash
o PE2 with O2 flowing
o 100 W for 60 seconds

Basic PMGI Liftoff Recipe
The basic PMGI liftoff recipe is used for selectively placing dielectric or other films of

moderate conformality, such as those used in CVD processing, on a planar topography. The
PMGI film reflows above 200°C, and therefore the PECVD hotplates for layers deposited over
the PMGI liftoff structure must be set <200°C. At the time of this experimentation (2009),
PECVD2 hotplate tended to incorrectly report its temperature, and could be set ~230°C. The
feedback sensor of PECVD1 caused the hotplate temperature to fluctuate greatly, and could not
be set over 190°C. Any SiO2 layers deposited should use the low pressure oxide recipe from
section B.2.1.





Dehydration Bake
o Place substrate with bottom layers in clean oven for 10 min @ 150°C
Spin PMGI
o 500 rpm @ 86 rpm/min for 10 seconds
o 1500 rpm @ 1290 rpm/min for 60 seconds
o 6000 rpm @ 6020 rpm/min for 1 second
Softbake PMGI
o 110°C for 60 seconds
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B.1.6

o Ramp to 145°C for 4 – 5 hours
o Ramp to room temperature
Spin SU-8 3005
o 1500 rpm @ 1290 rpm/min for 60 seconds
o 6000 rpm @ 6020 rpm/min for 1 second
Softbake SU-8
o 65°C for 5 minutes
o Ramp to 95°C for 5 minutes
Expose SU-8
o 25 seconds
Hardbake SU-8
o 65°C for 5 minutes
o Ramp to 95°C for 5 minutes
Develop SU-8
o Immerse in SU-8 developer and agitate for 120 – 180 seconds
o Rinse with IPA, leave wet, then continue rinsing with DI water from
cleanroom faucet
o Blow dry with N2 gun
Reflow PMGI
o Place on small cleanroom hotplate at room temperature
o Ramp to 150°C and hold for 2 minutes
o Ramp to 220°C and hold for 10 minutes or until cracking has sufficiently
reflowed
o Ramp to room temperature
Expose PMGI
o Place in Gene Linker DUV oven on rotating stage for 5 minutes
Develop PMGI
o Submerge in AZ 300 MIF developer for 1 minute
Repeat exposure and development steps
O2 Descum/Ash
o PE2 with O2 flowing
o 200 W for 60 seconds

Advanced PMGI Liftoff Recipe
The advanced PMGI liftoff recipe is used for selectively placing dielectric or other films

of moderate conformality, such as those used in CVD processing, on a nonplanar topography.
The PMGI film reflows above 200°C, and therefore the PECVD hotplates for layers deposited
over the PMGI liftoff structure must be set <200°C. At the time of this experimentation (2009),
PECVD2 hotplate tended to incorrectly report its temperature, and could be set ~230°C. The
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feedback sensor of PECVD1 caused the hotplate temperature to fluctuate greatly, and could not
be set over 190°C. Any SiO2 layers deposited should use the low pressure oxide recipe from
section B.2.1.


















Dehydration Bake
o Place substrate with bottom layers and core in clean oven for 10 min @
150°C
Spin PMGI
o 500 rpm @ 86 rpm/min for 10 seconds
o 2000 rpm @ 1290 rpm/min for 60 seconds
o 6000 rpm @ 6020 rpm/min for 1 second
Softbake PMGI
o 110°C for 60 seconds
o Ramp to 145°C for 4-5 hours
o Ramp to room temperature
Spin SU-8 3005
o 1500 rpm @ 1290 rpm/min for 60 seconds
o 6000 rpm @ 6020 rpm/min for 1 second
Softbake SU-8
o 65°C for 5 minutes
o Ramp to 95°C for 5 minutes
Expose SU-8
o 25 seconds
Hardbake SU-8
o 65°C for 5 minutes
o Ramp to 95°C for 5 minutes
Develop SU-8
o Immerse in SU-8 developer and agitate for 120 – 180 seconds
o Rinse with IPA, leave wet, then continue rinsing with DI water from
cleanroom faucet
o Blow dry with N2 gun
Reflow PMGI
o Place on small cleanroom hotplate at room temperature
o Ramp to 150°C and hold for 2 minutes
o Ramp to 220°C and hold for 10 minutes or until cracking has sufficiently
reflowed
o Ramp to room temperature
Expose PMGI
o Place in Gene Linker DUV oven on rotating stage for 5 minutes
Develop PMGI
o Submerge in AZ 300 MIF developer for 1 minute
Repeat exposure and development steps
O2 Descum/Ash
o PE2 with O2 flowing
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o 50 W for 60 seconds
B.1.7

Micropore Chrome Stop Etch
The micropore chrome stop etch feature is placed ~100 nm above the core buried within

the upper ARROW cladding layers. The feature is meant to stop the micropore etch and leave a
thin dielectric membrane to facilitate a FIB nanopore procedure. The chrome stop etch feature is
currently 8 m x 8 m and is patterned using a liftoff procedure. Excellent results have been
found by depositing the chrome over an AZ3330 photoresist layer, and then leaving at room
temperature overnight. The photoresist slowly cools and contract and aids in the liftoff process.
Additionally, light mechanical swabbing with foam tipped cleanroom swabs help remove
hanging edges from the chrome stop etch feature, increasing smoothness in the top layers
deposited over the stop etch feature. Good lithography alignment is very critical.












Dehydration Bake
o Place substrate with bottom layers in clean oven for 10 min @ 150°C
O2 Descum/Ash
o PE2 with O2 flowing
o 100 W for 60 seconds
Spin AZ 3330
o 500 rpm @ 550 rpm/min for 60 seconds
o 6000 rpm @ 6100 rpm/min for 1 seconds
Softbake
o 90°C for 120 seconds
Expose
o 20 seconds
Develop
o Immerse in AZ 300 MIF developer and agitate for 60 seconds
Rinse with DI water and blow dry
O2 Descum/Ash
o PE2 with O2 flowing
o 100 W for 60 seconds
Chrome deposition
o Place substrate on center post rotating planetary in the e-beam evaporator
using a small loop of tape on the backside of the wafer
o Deposit a 130 – 180 nm thick chrome layer at 3 – 5 angstroms / second
Leave overnight at room temperature in wafer box
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B.1.8

Immerse wafer in acetone until all photoresist has dissolved and liftoff is
completed.
While immersed in acetone, gently swab the cores of the wafer using a foamtipped cleanroom swab.
Rince with IPA and DI water and blow dry.
O2 Descum/Ash
o PE2 with O2 flowing
o 100 W for 60 seconds

Micropore Etch Mask
The micropore is patterned and etched after the thick oxide is grown, and prior to the

ridge and core expose etches. A tall pillar of SU-8 is intentionally overexposed which creates a
t-topped structure.

The wafer is coated isotropically with a chrome layer and placed in

Nanostrip. Small defects in the chrome layer allow the Nanostrip to remove the SU-8 pillar, and
the chrome flakes away leaving behind a small 4 m x 4 m square hole. After the micropore is
patterned, the Micropore Chrome Stop Etch photoresist pattern is applied to add protection to the
wafer for the upcoming etch process.









Dehydration Bake
o Place substrate in clean oven for 10 min @ 150°C
Spin SU-8 3005
o 500 rpm @ 516 rpm/min acceleration for 60 seconds
o 6000 rpm @ 6020 rpm/min acceleration for 2 seconds
Softbake
o 65°C for 5 minutes
o Ramp to 95°C for 5 minutes
Expose
o 45 seconds
Hardbake
o 65°C for 5 minutes
o Ramp to 95°C for 5 minutes
Develop
o Immerse in SU-8 developer and agitate for 2 – 3 seconds
o Rinse with IPA, leave wet, then continue rinsing with DI water from
cleanroom faucet
o Blow dry with N2 gun
O2 Descum/Ash
o PE2 with O2 flowing
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o 100 W for 60 seconds
Chrome deposition
o Place substrate on rotating stages affixed in the rotating planetary of the ebeam evaporator
o Deposit a 130 – 180 nm thick chrome layer at 3 – 5 angstroms / second
Immerse in Nanostrip at 90°C for 15 minutes or until alignment marks squares
have etched through allowing bottom layers to be visible through the chrome
mask.
Rince with DI water and blow dry.
O2 Descum/Ash
o PE2 with O2 flowing
o 100 W for 60 seconds
Re-apply Micropore Chrome Stop Etch photoresist

B.2 Film Deposition Recipes
All dielectric films in this dissertation were deposited with the PECVD hotplates set at
260°C, which causes the PID controllers to oscillate the hotplate temperatures around 250°C.
The actual flows and powers are listed, while the actual machine settings are included in
parenthesis.

B.2.1

PECVD Oxide Recipes
High Pressure/Conformal Oxide – used primarily for top layers/thick top oxides.






Pressure: 1100 mTorr
Silane Flow: 119.0 sccm (9.0%)
Nitrous Oxide Flow: 6.0 sccm (3.0%)
Power: 50 W (3.5% RF)
Deposition Rate: ~30 – 35 nm/min

Low Pressure/Highly Uniform Oxide – used primarily for bottom layers.






Pressure: 600 mTorr
Silane Flow: 119.0 sccm (9.0%)
Nitrous Oxide Flow: 34.0 sccm (17.0%)
Power: 40 W (3% RF)
Deposition Rate: ~40 – 50 nm/min
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B.2.2

PECVD Nitride Recipes
Used for all layers (top and bottom). Adjusting the silane flow will vary the film index of

refraction only slightly (~0.01 per 1% flow variation) while adjusting the ammonia flow will
vary the film index greatly (~0.50 per 0.5% flow variation).






Pressure: 1000 mTorr
Silane Flow: 190.0 – 196.0 sccm (95.0% – 98.0%)
Ammonia Flow: 9.1 sccm (22.0% – 27.0%)
Power: 70 W
Deposition Rate: ~12 – 15 nm/min

B.3 Dry/Wet Etch Recipes
B.3.1

Solid-core Ridge Dry Etch
Used for anisotropic etching into the top SiO2 layer for definition of the solid-core rib

waveguides. All ridge etches are performed in the Trion ICP RIE. An etch time is calculated
such that the etch process penetrates halfway through the total top oxide thickness for multimode mitigation in the solid-core waveguides.






B.3.2

Pressure: 12 mTorr
CF4 Flow: 50.0 sccm
He Flow: 5.0 sccm
ICP Power: 550 W
RIE Power: 75 W
Etch Rate (SiO2/SiN): ~5.1 – 5.5 nm/sec

Core Expose Dry Etch
Used for semi-anisotropic etching through the top layers and exposing the underlying

sacrificial core for core removal. All core expose etches are performed in the Anelva RIE. An
etch time is calculated based on the top layer thicknesses. 10 minutes should be added to the
calculated time to ensure the cores are exposed, as the etch rate slows near the tips of the cores.
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B.3.3

Pressure: 100 mTorr
CF4 Flow: 24.8 – 25.8 sccm (12.4% – 12.9%)
Power: 300 W
Etch Rate (SiO2/SiN): ~1.8 nm/sec

Micropore Dry Etch
Used for semi-anisotropic etching through the top layers and defining the micropore

feature.

Micropore etches are performed in the Anelva RIE for its superior chrome/SiO2

selectivity. The etch rate has not been characterized as of yet, but 4 m of total top layer
thickness should be open after a 60 minute etch.





B.3.4

Pressure: 100 mTorr
CF4 Flow: 24.8 – 25.8 sccm (12.4% – 12.9%)
Power: 300 W
Etch Rate (SiO2/SiN): UNKNOWN

Core Removal Piranha Etch
The research group has found an optimized piranha mixture to work exceptionally well

for ARROWs fabrication. Concentrations ranging from 1:1 (H2SO4:H2O2) to 2:3 (H2SO4:H2O2)
will work well. Increasing the H2O2 content will slow the etch process, but improve fabrication
yields due to a lower viscosity and slower reaction with the SU-8. Increasing the H2SO4 content
will slightly speed the etch process (within limits), but decrease fabrication yields due to pressure
created from the vigorous reaction with unetched SU-8. For all the ARROWs produced since
2010, a combination of 40 mL H2SO4 and 60 mL H2O2 was placed in a 5” dish on the hotplates
near the acid bench of the IML. The hotplate temperature setting is adjusted to 130°C and the
acid should be changed every 24 hours.

166

APPENDIX C.

MATLAB SIMULATIONS OF ARROW LOSS

The following MATLAB code is used to estimate the loss of the fundamental mode of an
ARROW based on the 2x2 matrix formulation detailed in Chapter 2. It was originally written by
D. Yin and further edited by myself. It accepts a wavelength vector, waveguide core index and
dimensions, and layer structures in all four directions. The function detects whether or not it is
calculating loss for a solid-core waveguide or a liquid-core waveguide depending on the number
of layer structures it receives.
The most notable change is found in the matrix math implementation of equation 2.15.
The iterative FOR loops from previous code versions started from the center of the waveguide
and worked their way to the outer cladding layers. In order to more properly conform to the
matrix calculation, the layer structure is inverted, iteratively calculated, and the result is inverted
again to properly calculate the system interference matrix.

C.1 Loss.m
Loss coefficients are output in cm-1.
% loss - compute loss coefficient
% Adapted by B. Phillips from code written by D. Yin
% loss accepts as inputs a spectrum, core index, and layer design vectors
% of tops, bottoms, and side layers
% loss returns as output a vector of loss coefficients at each wavelength
function [alpha]=loss(lambda,n_core,core_y,core_x,n1t,d1t,n2t,d2t,n1m,d1m,n2m,d2m)
% determine if the waveguide is solid-core or hollow-core.
% waveguide only has bottom layers.
sc_calc=0;
if ~exist('n2t','var')
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Solid-core

sc_calc=1;
end
if sc_calc==0
%pre-allocate some memory for speed purposes
alpham = zeros(1,size(lambda,2));
alphat = zeros(1,size(lambda,2));
alpha = zeros(1,size(lambda,2));
for k=1:size(lambda,2)
lamd = lambda(k);
k0=2*pi/lamd;
% for p wave, in lateral direction
alpha0m=acos(pi/k0/n_core/core_x); % prop angle for fund. mode
% calculate dynamical matrices, propagation matrices, and
% propagation angle for each layer from core to outermost layer
% First - stack of layers on one side
alpha1m=zeros(1,size(n1m,2));
P1m=zeros(2,2,size(n1m,2)-1);
D1m=zeros(2,2,size(n1m,2));
alpha1m(1)=asin(n_core/n1m(1)*sin(alpha0m)); % Snell’s law
D1m(:,:,1)=[cos(alpha1m(1)) cos(alpha1m(1));n1m(1) -n1m(1)];
for j=1:size(n1m,2)-1
alpha1m(j+1)=asin(n1m(j)/n1m(j+1)*sin(alpha1m(j)));
phase1m=k0*n1m(j)*cos(alpha1m(j))*d1m(j);
P1m(:,:,j)=[exp(1i*phase1m) 0;0 exp(-1i*phase1m)];
D1m(:,:,j+1)=[cos(alpha1m(j+1)) cos(alpha1m(j+1));n1m(j+1) -n1m(j+1)];
end
% Second - repeat for stack of layers on other side
alpha2m=zeros(1,size(n2m,2));
P2m=zeros(2,2,size(n2m,2)-1);
D2m=zeros(2,2,size(n2m,2));
alpha2m(1)=asin(n_core/n2m(1)*sin(alpha0m));
D2m(:,:,1)=[cos(alpha2m(1)) cos(alpha2m(1));n2m(1) -n2m(1)];
for j=1:size(n2m,2)-1
alpha2m(j+1)=asin(n2m(j)/n2m(j+1)*sin(alpha2m(j)));
phase2m=k0*n2m(j)*cos(alpha2m(j))*d2m(j);
P2m(:,:,j)=[exp(1i*phase2m) 0;0 exp(-1i*phase2m)];
D2m(:,:,j+1)=[cos(alpha2m(j+1)) cos(alpha2m(j+1));n2m(j+1) -n2m(j+1)];
end
% Calculate system interference matrices M1m and M2m
D0m=[cos(alpha0m) cos(alpha0m);n_core -n_core];
D1mtemp=flipdim(D1m,3);
D2mtemp=flipdim(D2m,3);
P1mtemp=flipdim(P1m,3);
P2mtemp=flipdim(P2m,3);
M1m=eye(2);
M2m=eye(2);
for j=1:size(d1m,2)
M1m=P1mtemp(:,:,j)*(D1mtemp(:,:,j+1)\(D1mtemp(:,:,j)*M1m));
end
for j=1:size(d2m,2)
M2m=P2mtemp(:,:,j)*(D2mtemp(:,:,j+1)\(D2mtemp(:,:,j)*M2m));
end
M1m=D0m\(D1m(:,:,1)*M1m);
M2m=D0m\(D2m(:,:,1)*M2m);
% calculate the reflection coefficient (r1m,r2m)
% and reflectivity (R1m, R2m) of each stack of side layers
r1m=(M1m(2,1)/M1m(1,1));
r2m=(M2m(2,1)/M2m(1,1));
R1m=abs(r1m)^2;
R2m=abs(r2m)^2;
% calculate loss coefficient in horizontal plane (1/cm)
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alpham(k)=(2-R1m-R2m)/(2*tan(alpha0m)*core_x)*10^7;
% now repeat calculations for s wave, in vertical direction
alpha0t=acos(pi/k0/n_core/core_y);
alpha1t=zeros(1,size(n1t,2));
P1t=zeros(2,2,size(n1t,2)-1);
D1t=zeros(2,2,size(n1t,2));
alpha1t(1)=asin(n_core/n1t(1)*sin(alpha0t)); %snells law
D1t(:,:,1)=[1 1;n1t(1)*cos(alpha1t(1)) -n1t(1)*cos(alpha1t(1))];
for j=1:size(n1t,2)-1
alpha1t(j+1)=asin(n1t(j)/n1t(j+1)*sin(alpha1t(j)));
phase1t=k0*n1t(j)*cos(alpha1t(j))*d1t(j);
P1t(:,:,j)=[exp(1i*phase1t) 0;0 exp(-1i*phase1t)];
D1t(:,:,j+1)=[1 1;n1t(j+1)*cos(alpha1t(j+1)) -n1t(j+1)*cos(alpha1t(j+1))];
end
alpha2t=zeros(1,size(n2t,2));
P2t=zeros(2,2,size(n2t,2)-1);
D2t=zeros(2,2,size(n2t,2));
alpha2t(1)=asin(n_core/n2t(1)*sin(alpha0t));
D2t(:,:,1)=[1 1;n2t(1)*cos(alpha2t(1)) -n2t(1)*cos(alpha2t(1))];
for j=1:size(n2t,2)-1
alpha2t(j+1)=asin(n2t(j)/n2t(j+1)*sin(alpha2t(j)));
phase2t=k0*n2t(j)*cos(alpha2t(j))*d2t(j);
P2t(:,:,j)=[exp(1i*phase2t) 0;0 exp(-1i*phase2t)];
D2t(:,:,j+1)=[1 1;n2t(j+1)*cos(alpha2t(j+1)) -n2t(j+1)*cos(alpha2t(j+1))];
end
D0t=[1 1;n_core*cos(alpha0t) -n_core*cos(alpha0t)];
D1ttemp=flipdim(D1t,3);
D2ttemp=flipdim(D2t,3);
P1ttemp=flipdim(P1t,3);
P2ttemp=flipdim(P2t,3);
M1t=eye(2);
M2t=eye(2);
for j=1:size(d1t,2)
M1t=P1ttemp(:,:,j)*(D1ttemp(:,:,j+1)\(D1ttemp(:,:,j)*M1t));
end
for j=1:size(d2t,2)
M2t=P2ttemp(:,:,j)*(D2ttemp(:,:,j+1)\(D2ttemp(:,:,j)*M2t));
end
M1t=D0t\(D1t(:,:,1)*M1t);
M2t=D0t\(D2t(:,:,1)*M2t);
% calculate the reflection coefficient (r1t,r2t)
% and reflectivity (R1t, R2t) of each stack of vertical layers
r1t=(M1t(2,1)/M1t(1,1));
r2t=(M2t(2,1)/M2t(1,1));
R1t=abs(r1t)^2;
R2t=abs(r2t)^2;
% calculate loss coefficient in vertical plane (1/cm)
alphat(k)=(2-R1t-R2t)/(2*tan(alpha0t)*core_y)*10^7;
% calculate the combined loss for the fundamental mode
alpha(k)=(alphat(k)+alpham(k))/2;
end
else % assume we're calculating a solid-core waveguide
alphat = zeros(1,size(lambda,2));
alpha = zeros(1,size(lambda,2));
for k=1:size(lambda,2)
lamd = lambda(k);
k0=2*pi/lamd;
% only calculate s wave, in vertical direction, to substrate
alpha0t=acos(pi/k0/n_core/core_y);
alpha1t=zeros(1,size(n1t,2));
P1t=zeros(2,2,size(n1t,2)-1);
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D1t=zeros(2,2,size(n1t,2));
alpha1t(1)=asin(n_core/n1t(1)*sin(alpha0t)); %snells law
D1t(:,:,1)=[1 1;n1t(1)*cos(alpha1t(1)) -n1t(1)*cos(alpha1t(1))];
for j=1:size(n1t,2)-1
alpha1t(j+1)=asin(n1t(j)/n1t(j+1)*sin(alpha1t(j)));
phase1t=k0*n1t(j)*cos(alpha1t(j))*d1t(j);
P1t(:,:,j)=[exp(1i*phase1t) 0;0 exp(-1i*phase1t)];
D1t(:,:,j+1)=[1 1;n1t(j+1)*cos(alpha1t(j+1)) -n1t(j+1)*cos(alpha1t(j+1))];
end
D0t=[1 1;n_core*cos(alpha0t) -n_core*cos(alpha0t)];
D1ttemp=flipdim(D1t,3);
P1ttemp=flipdim(P1t,3);
M1t=eye(2);
for j=1:size(d1t,2)
M1t=P1ttemp(:,:,j)*(D1ttemp(:,:,j+1)\(D1ttemp(:,:,j)*M1t));
end
M1t=D0t\(D1t(:,:,1)*M1t);
% calculate the reflection coefficient (r1t,r2t)
% and reflectivity (R1t, R2t) of each stack of vertical layers
r1t=(M1t(2,1)/M1t(1,1));
R1t=abs(r1t)^2;
% calculate loss coefficient in vertical plane (1/cm)
alphat(k)=(1-R1t)/(tan(alpha0t)*core_y)*10^7;
% calculate the combined loss for the fundamental mode
alpha(k)=alphat(k);
end
end %if() SC or LC waveguide end
end %function loss() end

C.2 LossdB.m
The following MATLAB code is similar to loss.m, except it computes the loss coefficient
in terms of transmission (dB/mm) [102, 103].
% loss - compute loss coefficient
% Adapted by B. Phillips from code written by D. Yin
% loss accepts as inputs a spectrum, core index, and layer design vectors
% of tops, bottoms, and side layers
% loss returns as output a vector of loss coefficients at each wavelength
function[alpha]=lossdB(lambda,n_core,core_y,core_x,n1t,d1t,n2t,d2t,n1m,d1m,n2m,d2m)
sc_calc=0;
if ~exist('n2t','var')
sc_calc=1;
end
if sc_calc==0
%preallocate some memory for speed purposes
alpham = zeros(1,size(lambda,2));
alphat = zeros(1,size(lambda,2));
alpha = zeros(1,size(lambda,2));
for k=1:size(lambda,2)
lamd = lambda(k);
k0=2*pi/lamd;
% for p wave, in lateral direction
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alpha0m=acos(pi/k0/n_core/core_x); % prop angle for fund. mode
% calculate dynamical matrices, propagation matrices, and
% propagation angle for each layer from core to outermost layer
% First - stack of layers on one side
alpha1m(1)=asin(n_core/n1m(1)*sin(alpha0m)); % Snell’s law
D1m(:,:,1)=[cos(alpha1m(1)) cos(alpha1m(1));n1m(1) -n1m(1)];
for j=1:size(n1m,2)-1
alpha1m(j+1)=asin(n1m(j)/n1m(j+1)*sin(alpha1m(j)));
phase1m=k0*n1m(j)*cos(alpha1m(j))*d1m(j);
P1m(:,:,j)=[exp(i*phase1m) 0;0 exp(-i*phase1m)];
D1m(:,:,j+1)=[cos(alpha1m(j+1)) cos(alpha1m(j+1));n1m(j+1) -n1m(j+1)];
end
% Second - repeat for stack of layers on other side
alpha2m(1)=asin(n_core/n2m(1)*sin(alpha0m));
D2m(:,:,1)=[cos(alpha2m(1)) cos(alpha2m(1));n2m(1) -n2m(1)];
for j=1:size(n2m,2)-1
alpha2m(j+1)=asin(n2m(j)/n2m(j+1)*sin(alpha2m(j)));
phase2m=k0*n2m(j)*cos(alpha2m(j))*d2m(j);
P2m(:,:,j)=[exp(i*phase2m) 0;0 exp(-i*phase2m)];
D2m(:,:,j+1)=[cos(alpha2m(j+1)) cos(alpha2m(j+1));n2m(j+1) -n2m(j+1)];
end
% Calculate system interference matrices M1m and M2m
D0m=[cos(alpha0m) cos(alpha0m);n_core -n_core];
D1mtemp=flipdim(D1m,3);
D2mtemp=flipdim(D2m,3);
P1mtemp=flipdim(P1m,3);
P2mtemp=flipdim(P2m,3);
M1m=eye(2);
M2m=eye(2);
for j=1:size(d1m,2)
M1m=P1mtemp(:,:,j)*inv(D1mtemp(:,:,j+1))*D1mtemp(:,:,j)*M1m;
end
for j=1:size(d2m,2)
M2m=P2mtemp(:,:,j)*inv(D2mtemp(:,:,j+1))*D2mtemp(:,:,j)*M2m;
end
M1m=inv(D0m)*D1m(:,:,1)*M1m;
M2m=inv(D0m)*D2m(:,:,1)*M2m;
% calcluate the reflection coefficient (r1m,r2m)
% and reflectivity (R1m, R2m) of each stack of side layers
r1m=(M1m(2,1)/M1m(1,1));
r2m=(M2m(2,1)/M2m(1,1));
R1m=abs(r1m)^2;
R2m=abs(r2m)^2;
% calculate loss coefficient in horizontal plane (1/cm)
alpham(k)=2.5*lamd/(core_x)^2*log10(R1m*R2m)*10^6;
% now repeat calculations for s wave, in vertical direction
alpha0t=acos(pi/k0/n_core/core_y);
alpha1t(1)=asin(n_core/n1t(1)*sin(alpha0t)); %snells law
D1t(:,:,1)=[1 1;n1t(1)*cos(alpha1t(1)) -n1t(1)*cos(alpha1t(1))];
for j=1:size(n1t,2)-1
alpha1t(j+1)=asin(n1t(j)/n1t(j+1)*sin(alpha1t(j)));
phase1t=k0*n1t(j)*cos(alpha1t(j))*d1t(j);
P1t(:,:,j)=[exp(i*phase1t) 0;0 exp(-i*phase1t)];
D1t(:,:,j+1)=[1 1;n1t(j+1)*cos(alpha1t(j+1)) -n1t(j+1)*cos(alpha1t(j+1))];
end
alpha2t(1)=asin(n_core/n2t(1)*sin(alpha0t));
D2t(:,:,1)=[1 1;n2t(1)*cos(alpha2t(1)) -n2t(1)*cos(alpha2t(1))];
for j=1:size(n2t,2)-1
alpha2t(j+1)=asin(n2t(j)/n2t(j+1)*sin(alpha2t(j)));
phase2t=k0*n2t(j)*cos(alpha2t(j))*d2t(j);
P2t(:,:,j)=[exp(i*phase2t) 0;0 exp(-i*phase2t)];
D2t(:,:,j+1)=[1 1;n2t(j+1)*cos(alpha2t(j+1)) -n2t(j+1)*cos(alpha2t(j+1))];
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end
D0t=[1 1;n_core*cos(alpha0t) -n_core*cos(alpha0t)];
D1ttemp=flipdim(D1t,3);
D2ttemp=flipdim(D2t,3);
P1ttemp=flipdim(P1t,3);
P2ttemp=flipdim(P2t,3);
M1t=eye(2);
M2t=eye(2);
for j=1:size(d1t,2)
M1t=P1ttemp(:,:,j)*inv(D1ttemp(:,:,j+1))*D1ttemp(:,:,j)*M1t;
end
for j=1:size(d2t,2)
M2t=P2ttemp(:,:,j)*inv(D2ttemp(:,:,j+1))*D2ttemp(:,:,j)*M2t;
end
M1t=inv(D0t)*D1t(:,:,1)*M1t;
M2t=inv(D0t)*D2t(:,:,1)*M2t;
% calcluate the reflection coefficient (r1t,r2t)
% and reflectivity (R1t, R2t) of each stack of vertical layers
r1t=(M1t(2,1)/M1t(1,1));
r2t=(M2t(2,1)/M2t(1,1));
R1t=abs(r1t)^2;
R2t=abs(r2t)^2;
% calculate loss coefficient in vertical plane (1/mm)
alphat(k)=2.5*lamd/(core_y)^2*log10(R1t*R2t)*10^6;
% calculate the combined loss for the fundamental mode
alpha(k)=(alphat(k)+alpham(k))/2; % scaling for lossplotter
end
else % assume we're calculating a solid-core waveguide
alphat = zeros(1,size(lambda,2));
alpha = zeros(1,size(lambda,2));
for k=1:size(lambda,2)
lamd = lambda(k);
k0=2*pi/lamd;
% only calculate s wave, in vertical direction, to substrate
alpha0t=acos(pi/k0/n_core/core_y);
alpha1t(1)=asin(n_core/n1t(1)*sin(alpha0t)); %snells law
D1t(:,:,1)=[1 1;n1t(1)*cos(alpha1t(1)) -n1t(1)*cos(alpha1t(1))];
for j=1:size(n1t,2)-1
alpha1t(j+1)=asin(n1t(j)/n1t(j+1)*sin(alpha1t(j)));
phase1t=k0*n1t(j)*cos(alpha1t(j))*d1t(j);
P1t(:,:,j)=[exp(i*phase1t) 0;0 exp(-i*phase1t)];
D1t(:,:,j+1)=[1 1;n1t(j+1)*cos(alpha1t(j+1)) -n1t(j+1)*cos(alpha1t(j+1))];
end
D0t=[1 1;n_core*cos(alpha0t) -n_core*cos(alpha0t)];
D1ttemp=flipdim(D1t,3);
P1ttemp=flipdim(P1t,3);
M1t=eye(2);
for j=1:size(d1t,2)
M1t=P1ttemp(:,:,j)*inv(D1ttemp(:,:,j+1))*D1ttemp(:,:,j)*M1t;
end
M1t=inv(D0t)*D1t(:,:,1)*M1t;
% calcluate the reflection coefficient (r1t,r2t)
% and reflectivity (R1t, R2t) of each stack of vertical layers
r1t=(M1t(2,1)/M1t(1,1));
R1t=abs(r1t)^2;
% calculate loss coefficient in vertical plane (1/cm)
alphat(k)=5*lamd/(core_y)^2*log10(R1t)*10^6;
% calculate the combined loss for the fundamental mode
alpha(k)=0.01*alphat(k); % scaling for lossplotter
end
end
end
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C.3 Helper Script
The following helper script was used to call loss.m and lossdB.m and create the
simulations presented in this dissertation.

C.3.1

Layer Reflectivity Calculations

clc
clear all
close all
n_c=
n_hi=
n_lo=
l=
t_c=
t_hi=
t_lo=

1.33;
2.05;
1.46;
[400e-9:0.1e-9:1500e-9];
5e-6;
93e-9;
270e-9;

th_c=
acos(l./(2*n_c*t_c));
th_hi=asin((n_c/n_hi).*sin(th_c))
th_lo=asin((n_c/n_lo).*sin(th_c))
% Hi to Lo
R_s=((n_hi.*cos(th_hi)-n_lo.*cos(th_lo))./(n_hi.*cos(th_hi)+n_lo.*cos(th_lo))).^2;
R_p=((n_hi.*cos(th_lo)-n_lo.*cos(th_hi))./(n_hi.*cos(th_lo)+n_lo.*cos(th_hi))).^2;
plot(l,R_s,l,R_p);

C.3.2

VB3 Liquid-Core and Solid-Core Waveguide Loss

clc
clear all
close all
lamda=400:1:1100;
n_sub=3.85;
core_y=5000;
core_x=12000;
n_hi=2.05;
n_lo=1.465;
% Solid Core Waveguides
n_core=1.465;
n1t=[n_hi n_lo n_hi n_lo n_hi n_hi n_lo n_hi n_lo n_hi n_lo n_sub];
d1t=[123 300 142 285 127 93 270 93 270 93 270];
alpha_sc=loss(lamda,n_core,core_y,core_x,n1t,d1t);
% Liquid Core Waveguides
n_core=1.33;
n1t=[n_hi n_lo n_hi n_lo n_hi n_lo n_sub];
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d1t=[93 270 93 270 93 270];
n2t=[n_hi n_lo n_hi n_lo n_hi n_lo 1];
d2t=[127 285 142 300 123 3046];
n1m=[n_hi n_lo n_hi n_lo n_hi n_lo];
d1m=[127 285 142 300 123];
n2m=n1m;
d2m=d1m;
alpha_hc=loss(lamda,n_core,core_y,core_x,n1t,d1t,n2t,d2t,n1m,d1m,n2m,d2m);
alpha_hc_parts=lossParts(633,n_core,core_y,core_x,n1t,d1t,n2t,d2t,n1m,d1m,n2m,d2m);
figure(1)
set(gcf,'color','w')
set(gca,'FontWeight','normal')
set(gca,'FontSize',14)
set(gca,'FontName','Arial')
semilogy(lamda,alpha_sc,'b--',lamda,alpha_hc,'k-','LineWidth',3);
axis([400 1100 1e-7 100]);
legend('Solid-Core','Liquid-Core','Location','Best');
xlabel('Wavelength (nm)','FontWeight','bold','FontSize',12,'FontName','Arial');
ylabel('Loss (1/cm)','FontWeight','bold','FontSize',12,'FontName','Arial');
title('Loss Coefficient for VB3 ARROW
Design','FontWeight','bold','FontSize',14,'FontName','Arial');

C.3.3

Liquid-Core Waveguide Loss with Random Layers

clc
clear all
close all
lamda=400:.5:1100;
n_sub=3.85;
core_y=5000;
core_x=12000;
n_hi=2.05;
n_lo=1.465;
n_core=1.33;
n1t=[n_hi n_lo n_hi n_lo n_hi n_lo n_sub];
d1t=[93 270 93 270 93 270];
n2t=[n_hi n_lo n_hi n_lo n_hi n_lo 1];
d2t=[127 285 142 300 123 3046];
n1m=[n_hi n_lo n_hi n_lo n_hi n_lo];
d1m=[127 285 142 300 123];
n2m=n1m;
d2m=d1m;
alpha(:,1)=loss(lamda,n_core,core_y,core_x,n1t,d1t,n2t,d2t,n1m,d1m,n2m,d2m);
for j=2:3
d1ttemp=randomizeLayers(d1t,10);
d2ttemp=randomizeLayers(d2t,10);
d1mtemp=randomizeLayers(d1m,10);
d2mtemp=d1mtemp;
alpha(:,j)=loss(lamda,n_core,core_y,core_x,n1t,d1ttemp,n2t,d2ttemp,n1m,d1mtemp,n2m,d2m
temp);
end
figure(1)
set(gcf,'color','w')
set(gca,'FontWeight','normal')
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set(gca,'FontSize',14)
set(gca,'FontName','Arial')
semilogy(lamda,alpha(:,1),'k-',lamda,alpha(:,2),'b-',lamda,alpha(:,3),'r:','LineWidth',3);
xlim([lamda(1) lamda(end)]);
legend('Ideal','Randomized','Randomized','Location','Best');
xlabel('Wavelength (nm)','FontWeight','bold','FontSize',12,'FontName','Arial');
ylabel('Loss (1/cm)','FontWeight','bold','FontSize',12,'FontName','Arial');

C.3.4

Solid-Core Waveguide Loss with Random Layers

clc
clear all
close all
lamda=400:.5:1100;
n_sub=3.85;
core_y=3046;
core_x=12000;
n_hi=2.05;
n_lo=1.465;
n_core=1.465;
n1t=[n_hi n_lo n_hi n_lo n_hi n_hi n_lo n_hi n_lo n_hi n_lo n_sub];
d1t=[123 300 142 285 127 93 270 93 270 93 270];
alpha(:,1)=loss(lamda,n_core,core_y,core_x,n1t,d1t);
for j=2:3
d1ttemp=randomizeLayers(d1t,10);
alpha(:,j)=loss(lamda,n_core,core_y,core_x,n1t,d1ttemp);
end
figure(1)
set(gcf,'color','w')
set(gca,'FontWeight','normal')
set(gca,'FontSize',14)
set(gca,'FontName','Arial')
semilogy(lamda,alpha(:,1),'k-',lamda,alpha(:,2),'b-',lamda,alpha(:,3),'r:','LineWidth',3);
xlim([lamda(1) lamda(end)]);
legend('Ideal','Randomized','Randomized','Location','Best');
xlabel('Wavelength (nm)','FontWeight','bold','FontSize',12,'FontName','Arial');
ylabel('Loss (1/cm)','FontWeight','bold','FontSize',12,'FontName','Arial');

C.3.5

Example of a Solid-core Notch Filter

clc
clear all
close all
lamda=400:.2:800;
n_sub=3.85;
n_core=1.465;
n_lo=1.475;
n_hi=2.05;
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core_y=4000;
core_x=12000;
t1=115;
t2=296;
n1t=[n_hi n_lo n_hi n_lo n_hi n_lo n_sub];
d1t=[t1 t2 2*t1 t2 t1 t2];
alpha(:,1)=loss(lamda,n_core,core_y,core_x,n1t,d1t);
d1t=[t1 t2 t1 t2 t1 t2];
alpha(:,2)=loss(lamda,n_core,core_y,core_x,n1t,d1t);
set(gcf,'color','w')
set(gca,'FontWeight','normal')
set(gca,'FontSize',14)
set(gca,'FontName','Arial')
semilogy(lamda,alpha(:,1),'b--',lamda,alpha(:,2),'k-','LineWidth',3);
legend('Single Resonant Layer','All Antiresonant Layers');
xlabel('Wavelength (nm)','FontWeight','bold','FontSize',12,'FontName','Arial');
ylabel('Loss (1/cm)','FontWeight','bold','FontSize',12,'FontName','Arial');

C.3.6

Variable Core Height (LC Tunable Filter)

clc
clear all
close all
lamda=710:.1:735;
n_sub=3.85;
n_core=1.33;
n_lo=1.465;
n_hi=2.05;
core_y=[3500 4500 5500];
core_x=12000;
t1=115;
t2=296;
n1t=[n_hi n_lo n_hi n_lo n_hi n_lo n_sub];
d1t=[t1 t2 2*t1 t2 t1 t2];
t1=128;
t2=368;
n2t=[n_hi n_lo n_hi n_lo n_hi n_lo 1.0];
d2t=[t1 t2 t1 t2 t1 1688];
n1m=[n_hi n_lo n_hi n_lo n_hi n_lo];
d1m=[t1 t2 t1 t2 t1];
n2m=n1m;
d2m=d1m;
for i=1:length(core_y)
alpha(:,i)=lossdB(lamda,n_core,core_y(i),core_x,n1t,d1t,n2t,d2t,n1m,d1m,n2m,d2m);
end
set(gcf,'color','w')
set(gca,'FontWeight','normal')
set(gca,'FontSize',14)
set(gca,'FontName','Arial')
plot(lamda,alpha(:,1),'r:',lamda,alpha(:,2),'k-',lamda,alpha(:,3),'b-','LineWidth',3);
legend([num2str(core_y(1)/1e3) '\mum'],[num2str(core_y(2)/1e3)
'\mum'],[num2str(core_y(3)/1e3) '\mum']);
xlabel('Wavelength (nm)','FontWeight','bold','FontSize',12,'FontName','Arial');
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ylabel('Loss (dB/mm)','FontWeight','bold','FontSize',12,'FontName','Arial');
title('Loss Coefficient for Varying Core
Heights','FontWeight','bold','FontSize',14,'FontName','Arial');

C.3.7

Variable Core Index (LC Tunable Filter)

clc
clear all
close all
lamda=550:.5:800;
n_sub=3.85;
n_core=linspace(1.33,1.43,3);
n_lo=1.465;
n_hi=2.05;
core_y=4000;
core_x=12000;
t1=115;
t2=296;
n1t=[n_hi n_lo n_hi n_lo n_hi n_lo n_sub];
d1t=[t1 t2 2*t1 t2 t1 t2];
t1=128;
t2=368;
n2t=[n_hi n_lo n_hi n_lo n_hi n_lo 1.0];
d2t=[t1 t2 t1 t2 t1 1688];
n1m=[n_hi n_lo n_hi n_lo n_hi n_lo];
d1m=[t1 t2 t1 t2 t1];
n2m=n1m;
d2m=d1m;
for i=1:length(n_core)
alpha(:,i)=loss(lamda,n_core(i),core_y,core_x,n1t,d1t,n2t,d2t,n1m,d1m,n2m,d2m);
end
set(gcf,'color','w')
set(gca,'FontWeight','normal')
set(gca,'FontSize',14)
set(gca,'FontName','Arial')
semilogy(lamda,alpha(:,1),'r:',lamda,alpha(:,2),'k-',lamda,alpha(:,3),'b-','LineWidth',3);
legend(num2str(n_core(:)));
xlabel('Wavelength (nm)','FontWeight','bold','FontSize',12,'FontName','Arial');
ylabel('Loss (1/cm)','FontWeight','bold','FontSize',12,'FontName','Arial');
title('Loss Coefficient for Varying Core
Indices','FontWeight','bold','FontSize',14,'FontName','Arial');
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